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ABSTRACT 
The current filter testing standards for filter efficiency and resistance are based on 
the operational conditions for use in conventional heating, ventilation, and air 
conditioning (HVAC) systems, while the application of filters in swine buildings have 
unique conditions in comparison. While testing filters for swine buildings these 
differences create both technical and economic burdens that could hinder proper testing. 
Thus, addressing such issues must be accomplished for effective filter testing programs 
specific to swine building applications. The major technical issue is the difference of 
rated filter airflow and resistance. HVAC applications are rated for much higher airflow 
and resistance conditions, while swine applications are lower due to equipment 
restrictions. While testing for filter resistance in swine applications, using a standard test 
duct, the uncertainty for the lower airflow is significantly higher than compared to the 
rated airflow uncertainty. The economic burden is due to the large number of filters 
needed for typical building sizes, requiring a larger representative sample for testing. To 
address these issues, a mobile air filter testing laboratory (MAFT), was developed for 
swine building applications. The airflow range is much lower than that of a standard test 
duct and only meant for filter resistance testing. The test duct was calibrated and 
validated with an ASHRAE 52.2 certified laboratory. The deployment of MAFT to a 
swine site allows for filters to be removed from the system, tested, then re-installed into 
the system reducing the overall cost of filter testing by eliminating the expense of filter 
replacement. Through a field study of commercial sow farms, the key factors impacting 
airflow reduction rates are related to the site layout and filter types. A field study 
comparing two pre-filtering materials (3-D vinyl screen and a fiberglass media) was 
x 
completed on a site with high dust loading potential near a grain handling facility. It was 
found that the pre-filter materials significantly reduced the airflow reduction rate. 
Overall, this thesis will be of use to the swine industry by providing accurate filter 
resistance testing equipment and methods, as well as forming the foundational research 
into filter lifespan. 
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CHAPTER 1.    GENERAL INTRODUCTION 
The swine industry has experienced significant changes over the past 60 years.  The 
industry has moved from small family orientated to large vertically integrated farms. In 
recent years the largest driver for change in the swine industry has been from consumer 
pressures regarding antibiotic use and animal well-being.  These demands present large 
challenges to the industry due to the presence and persistence of diseases.  The industry is 
absorbing the production losses and costs associated with such changes but the reduced 
production efficiency could be detrimental to the long term goal of feeding an ever growing 
world population.  Meeting this challenge will require intensive management of diseases, 
such as porcine reproductive and respiratory syndrome virus (PRRSV), which was estimated 
in 2012 to cost the industry roughly $664 million per year (Holtkamp et al., 2013). As the 
industry has moved towards larger integrated companies, disease management has become a 
major factor in production success. 
The swine industry faces many diseases that detrimentally affect the health and 
productivity of pigs throughout all stages of production.  Two diseases commonly thought to 
spread via aerosols are porcine reproductive and respiratory syndrome virus (PRRSV) and 
Mycoplasma hyopneumoniae (M hyo)(Dee, Otake, Oliveira, & Deen, 2009; Ramirez & 
Zaabel, 2012).  PRRSV was first reported in the United States in the late 1980’s, with cases 
being reported in Europe in 1990 to 1991 (Cho & Dee, 2006).  PRRSV presents varying 
clinical signs depending on the age of the infected pig.  In breeding males and females, 
reproductive signs such as low pregnancy rates, increases in abortions, and increases in 
stillborn and mummified fetuses occur (Neumann, Ramirez, & Schwartz, 2009). Pre-weaning 
mortality and post-weaning mortality are higher in growing pigs dues to respiratory issues, 
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typically with concurrent infections such as pneumonia (Neumann et al., 2009). Another 
common airborne pathogen in the swine industry, M hyo, causes Enzootic pneumonia which 
leads to reduced feed efficiency and growth retardation in any age of pig (Neumann et al., 
2009). Both of these diseases pose economic strains on the industry from reductions in 
production and efficiency. Foreign animal disease (FAD) and emerging diseases that can be 
transmitted via aerosols are also a concern for the potential impact on the industry, such as 
Foot-and-Mouth disease virus (Alexandersen & Donaldson, 2002). 
The top three swine production states; Iowa, North Carolina, and Minnesota, raise 
about 56 percent of the 66 million pigs year-end inventory in 2012 leading to a  strong need 
for disease prevention in the Midwest (USDA, 2012). The industry over time has adapted 
numerous bio-security practices to address the various routes of disease transmission.  The 
common routes of transmission include oral, direct contact, fomites, vectors, zoonotic and 
aerosol (Ramirez & Zaabel, 2012).  For each route of transmission, typically multiple 
biosecurity procedures are in place that are management dependent for successful 
implementation (table 1.1). The lone exception is aerosol transmission which is commonly 
addressed by farm location and is commonly correlated with indoor air quality and 
ventilation (Ramirez & Zaabel, 2012).  
Table 1.1 Common disease transmission routes and biosecurity practices. 
Route of Transmission Common Biosecurity Practice[a] 
Oral Colostrum management, feed source, water source 
Direct Contact Vaccinations, all-in-all-out flows 
Fomites 
Disinfecting equipment and facilities, shower- in-
shower-out 
Vectors 
Baiting for rodents, bird netting on ventilation inlets 
and outlets, pest management practices 
Zoonotic Employee hygiene 
Aerosol Indoor air quality, ventilation, fresh air filtration 
[a](Ramirez & Zaabel, 2012)  
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The efficacy of common biosecurity practices in use in the swine industry have been 
proven. This is true for the application of filtration technologies on numerous types of swine 
farms. The unknown for filtration is in the longevity of filters in such applications and the 
precise testing methods unique to each application. 
Objectives 
The objectives of this thesis were developed to address the current questions on filter 
testing and longevity in the swine industry. The specific objectives were to 
 Develop an airflow measurement system for the specific application of filters 
in a swine building while maintaining lab standards of uncertainty and 
accuracy, 
 Identify key factors that directly impact the airflow reduction of filters over 
time on commercial breeding-gestation-farrowing facilities, and, 
 Examine alternative dust loading mitigation technologies to extend the life 
span of filters on high dust loading swine sites. 
Thesis Organization 
This thesis is organized into three papers corresponding to the respective objectives. 
The first paper, submitted to Transactions of ASABE, covers the development and validation 
of a mobile air filter testing (MAFT) laboratory for measuring airflow through filters at a 
filter pressure drop expected in a swine building. The second paper is the result of a 16-week 
study during summer 2017 where primary filter airflow performance at rated operating 
pressure on eight commercial breeding-gestation-farrowing farms in central Iowa was 
conducted. This paper will be submitted to Applied Engineering in Agriculture. The third 
paper characterizes additional technologies to mitigate dust loading of primary filters during 
row crop harvest season. This paper will be submitted to Applied Engineering in Agriculture. 
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Literature Review 
Common filter terminology 
A constant, consistent supply of clean air is a necessity to maintain ideal indoor air 
quality for many buildings and environments. To achieve this clean air supply air filtration is 
commonly employed in numerous situations. The current set of guidelines on indoor air 
quality, set by the World Health Organization, focus on 4 key areas: particulate matter, 
ozone, nitrogen dioxide, and sulphur dioxide (Sparks & Chase, 2016). Filtration directly 
impacts one of the key areas by removing particulate contaminants from an air supply. The 
demands for clean air are clear, and to this end filtration has been growing slowly since the 
mid 1900’s.  It wasn’t until the 1960’s that hospitals started implementing filtration 
technologies to reduce the pathogen loads in critical care rooms (Burroughs & Hansen, 
2011). The first High Efficiency Particle Air filter (HEPA) was developed in response to the 
Manhattan Project during WWII to protect the workers from airborne radioactive particulate 
matter. After the war, HEPA filters were marketed as an “Absolute” filter prior to the HEPA 
acronym (Burroughs & Hansen, 2011). With the advent of residential HVAC units in the 
1950’s and 1960’s, the use of fibrous filters to protect the HVAC units from flammable 
contaminates quickly gained traction. Since then the use of filters has been extremely 
common in nearly every residential and industrial type HVAC system. Since that time the 
understanding and technologies of air filtration have improved greatly.   
In today’s air filtration industry, filters exist in numerous forms and shapes, but still 
conform to a common set of terms.  Filters are characterized as primary, secondary, and final 
stage filters (fig. 1.1).  Primary filters are meant to capture large size particulates, >5-10 µm, 
with high face velocities and high dust holding capacities (Sparks & Chase, 2016). Examples 
of primary stage filters are low-efficiency panel or pad type filters that are typically 
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disposable and are easy to install (Burroughs & Hansen, 2011). Secondary filters are meant 
to capture finer particles, 0.5-5 µm, using a finer media typically found in many forms such 
as bag or pocket type filters with an extended media surface area through extended depth or 
pleated media (Burroughs & Hansen, 2011; Sparks & Chase, 2016).  
 
Figure 1.1 Common filters, left: primary filter, center: secondary filter, right: final stage 
filter. 
The final stage filters or HEPA filters have a strict rating system based on the 
removal efficiency. Specifically, HEPA filters are rated for particles with sizes less than 0.5 
µm. To be considered a HEPA filter, the filter must have a 99.97% or better removal 
efficiency of 0.3 µm (Kowalski, 2006). To compare overall filter characteristics, numerous 
values must be considered. 
Filter Efficiency 
To completely characterize the performance value of a filter, four key components 
must be evaluated.  The most obvious performance value for any filter is the removal 
efficiency characterized by the Minimum Efficiency Reporting Value (MERV). In the US 
filters are classified from MERV 1, being the least efficient, to MERV 20, being the highest 
efficient (ASHRAE, 2012; Kowalski, 2006). By classification, primary filters are MERV 1 to 
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8, secondary filters are MERV 9 to 16, and final stage filters are MERV 17 to 20. HEPA 
filters have an additional testing standard to be considered HEPA, that being the thermal 
dioctyl-phthalate (DOP) method US Military Standard ML-STD-282 (Sparks & Chase, 2016; 
Zhang, 2004). Though efficiency alone is a key performance characteristic, airflow and 
overall removal performance are also essential for design. 
Filter Resistance 
Filter resistance, commonly used interchangeably with filter pressure drop, is the 
pressure drop across the filter to achieve the rated airflow for that filter. Rated airflow is 
typically set by the individual manufacturer (ASHRAE, 2012). Filter resistance is also a 
common metric for determining filter end-of-life. 
Filter Dust Holding Capacity 
Dust holding capacity (DHC) is defined as the amount of synthetic dust removed by a 
filter.  DHC is the characteristic used to predict longevity of filters. Arrestance is the ability 
of a filter to remove 3 -10 µm dust as a percent of the total dust in the air and typically 
calculated for filters with less than 20% overall efficiency (ASHRAE, 2012). Arrestance 
values for filters are typically reported on MERV 4 filters and below. Accurately assessing 
the overall filter performance requires all aspects of a filter’s performance. 
Particle Characteristics and Bioaerosol Characteristics 
Airborne particulate matter or air contaminants can be characterized numerous ways 
including density, shape, and size.  Particulate matter size is the most valuable characteristic 
as it will define the aerodynamic behavior, transport, and control strategies for particles 
(Zhang, 2004). Due to the highly variable nature of a particles shape and density, common 
terms for characterizing the particle have been established. The three common terms used for 
characterizing particle size are:  equivalent volume diameter, Stokes diameter, and the 
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aerodynamic diameter (Zhang, 2004). The equivalent volume diameter for irregularly shaped 
particles is the diameter of a sphere with the same volume and density (Zhang, 2004). Stokes 
diameter of an irregularly shaped particle is the diameter of a sphere with the same density 
and settling velocity as the irregular particle (Zhang, 2004). The aerodynamic diameter of an 
irregularly shaped particle is the diameter of a sphere with a standard density (1,000 kg m-3) 
that would have the same settling velocity (Zhang, 2004). Overall the shape of irregularly 
shaped particles is typically ignored for analysis as the shape has little effect on particle 
properties, except for particles with long, thin fiber-like shapes (Hinds, 1982). 
The methods for characterizing the diameter of irregularly shaped particles presents a 
unique challenge for comparison and utilization in analysis and models of particles.  The 
equivalent volume diameter standardizes the volume, and the Stokes diameter standardizes 
the settling velocity. Though each of these measures of particle diameter are missing key 
values for standardization purposes. Aerodynamic diameter corrects for both density and 
settling velocity and is commonly used because it standardizes particle properties. 
In reality particulate matter size distribution exist in multiple statistical distributions 
with a typical distribution skewed to the high side of the mean. This skew is due to the 
likelihood that as particle size increases there is the increased probability that the larger 
particles will settle out (Zhang, 2004). The most commonly utilized and discussed particle 
size distribution is the lognormal distribution, where the particle size axis is on a log scale 
and the frequency is on a normal scale (Zhang, 2004). Understanding this phenomenon of 
particles is necessary for the classification of particle sizes for reporting purposes. 
Multiple classification methods exist for characterizing particle size, with the 
common measurement of particle diameter in micrometers (µm or equivalently micron).  The 
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EPA classifies particle matter for atmospheric particulate matter as PM2.5 and PM10; in each 
case the particles are less than or equal to 2.5 or 10 microns respectively (Environmental 
Protection Agency, 1998). Another method commonly used for health and safety purposes is 
based upon the human respiratory system. Inhalable particles ≤100 µm, thoracic particles ≤ 
10 µm, and respirable particles ≤ 4 µm are classified based on where in the human 
respiratory tract they can deposit (Zhang, 2004).  Another common set of particle size 
classifications are coarse, fine, and ultrafine particles. Coarse particles are the largest 
particles with the minimum size of 1 to 3 µm. A common example of coarse particles is road 
dust (ASHRAE, 2013). Fine particles consist of particles with a maximum size of 1 to 3 µm. 
Smoke is an example of fine particles (ASHRAE, 2013). Ultrafine particles have a maximum 
size of 0.1 µm (ASHRAE, 2013). Because of the lognormal distribution of particles, the size 
ranges overlap slightly resulting in the overlapping classifications. 
For the sole correlation between particle size and filter efficiency, the PM2.5/10 and 
the respirable dust classification does not align well with the current testing standard for 
removal efficiency for either general air-cleaning devices (ASHRAE 52.2) or for HEPA 
filters (ML-STD-282). The misalignment of reported particle size ranges and those targeted 
in the filter efficiency standards limits the ability to predict filter life span accurately. 
The recently issued ISO Standard-16890 evaluates filter efficiency based on the 
intended location of use, by utilizing average particle distributions for urban and rural 
settings (Tronville & Rivers, 2016). Both distributions utilized in this standard are bi-modal 
with the urban distribution having a higher percentage of sub-micron particles and the rural 
distribution having a larger portion of particles greater than 1.0 micron (Tronville & Rivers, 
2016). These distributions are likely unique to EU countries, as it is expected that the dust 
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concentrations in US are likely higher. These distributions within the US are likely highly 
variable based on the region and the extensive use near agricultural land. 
In the realm of particulate matter or air contaminants, the term “particle” 
encompasses a wide spectrum of contaminants that can be further broken down into small 
groups based on the state and origin of the contaminant. The three most common 
classifications of particles are solid particles, liquid particles, and bioaerosols (ASHRAE, 
2013). Solids are commonly classified as dust, fume, and smoke containing mostly solid 
particles; liquids can be classified as mist, fog, and smog (ASHRAE, 2013). Another key 
component of solid and liquid particles is that no particles in each classification originated 
from a biological source. Any aerosol that contains particles originating from a biological 
source is considered a bioaerosol (ASHRAE, 2013). Bioaerosols can be comprised of 
numerous airborne microorganisms and other biological material from organisms (Kowalski, 
2006). Viruses, bacteria, fungi, protozoa, pollen, dust mites, algae, dander, insects, toxins, 
mycotoxins, endotoxins, and microbial volatile organic compounds are all considered 
components of bioaerosols (Kowalski, 2006). While bioaerosols are comprised of particles 
from biological sources, as an aerosol it behaves in the same manner as non-biological 
particles and typically has the same lognormal particle size distribution (Kowalski, 2006).  
Despite the differences in origination, liquid particles, solid particles, and bioaerosols 
can all be modeled in general as a particle. This ability to generalize the three groups together 
goes back to the key characteristic of particle size. Each group follows the common 
lognormal particle size distribution. Bioaerosols specifically follow this distribution for two 
reasons. First, as a population, bacteria cells follow a lognormal size distribution (Kowalski, 
2006). Second, as a collection of all components, the size range is similar to that of any non-
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biological particle. For example, on average viruses are the smallest component with a size 
range of 0.03 to 0.06 µm, and pollen grains are the largest with a size range of 10 to 100 µm 
(ASHRAE, 2013). Other components such as non-sporing bacteria cells have a range of 0.4 
to 5 µm where fungal spores and bacterial spores are commonly 2 to 10 µm (ASHRAE, 
2013). The approximate size of a single PRRSV virus is 0.065 µm (Ramirez & Zaabel, 
2012). Regardless of the size of the component in a bioaerosol, the ability to spread disease is 
a major concern with bioaerosols. 
While bioaerosols are extremely common in both indoor and outdoor environments, 
the viability is influenced by a number of factors.  Airborne microorganisms are exposed to a 
wide array of environmental factors that decrease viability including sunlight, dehydration, 
thermal heating, freezing, oxygenation, and man-made pollution (Kowalski, 2006). Relative 
humidity, dry-bulb temperature, and sunlight intensity are commonly recorded as key 
environmental factors for predicting the viability of swine specific diseases (Cutler, Wang, 
Hoff, & Zimmerman, 2012; Dee, Otake, & Deen, 2010; Jacobs et al., 2010). While these 
factors increase the rate of decay for airborne microorganism populations, a base death rate 
or natural death rate is present,  estimated for a virus at 0.10 percent per minute, for bacteria 
at 0.20 percent per minute, and spores at 0.009 percent per minute (Kowalski, 2006).  
Though the viability of airborne microorganisms is impacted by a wide range of factors, a 
viable microorganism does not necessarily translate to the spread of disease. 
Infectious diseases can be transmitted through various routes between host organisms. 
Of particular concern for bioaerosols is the transmission of disease through direct contact and 
fomites, large droplets with an aerodynamic diameter > 10 µm, and fine particles or droplet 
nuclei with aerodynamic diameters < 10 µm (ASHRAE, 2013). The large droplets are known 
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to settle out of the air stream typically within 1 m of the site of origination, while the droplet 
nuclei have been noted to travel various distances depending on the specific site of 
origination and the specific pathogen (Gralton, Tovey, McLaws, & Rawlinson, 2011). In a 
controlled study, PRRSV was observed 4.7 km from the origination site (Dee et al., 2009). 
The nonviable portion of bioaerosols can also cause health issues. It is known that certain 
components of bioaerosols, dander, dust mites, nonviable bacteria, and pollen can cause 
immunological responses and allergic reactions with side effects ranging from allergic 
rhinitis to life threatening asthma (ASHRAE, 2013). Bioaerosols present numerous 
challenges through the wide spectrum of health concerns that they raise for not only humans, 
but animals in a ventilated space. Though using mechanical ventilation to dilute such 
aerosols reduces the overall health risks, complete removal through filtration of such aerosols 
significantly reduces this risk.   
Mechanisms of Filtration 
The means of removing particles via a filter made up of fibrous materials is a 
complex process.  There are two basic categories of filtration, namely mechanical and 
electrostatic. Though it must be noted that while there are filters made with a charged media, 
the filter also relies on mechanical removal. Single fiber efficiency, is a simplified approach 
to modeling the efficiency of a filter. This approach for estimating efficiency is based on the 
assumptions that all fibers in the filter can be considered identical in diameter and have 
identical environments surrounding the fiber, but inevitably the environment of each fiber in 
a filter varies (Brown, 1993). Understanding each mechanism is crucial as each mechanism 
occurs simultaneous within a filter’s media to achieve the overall efficiency of the filter. 
Mechanical filtration can be broken down into 5 key mechanisms: straining, inertial 
impingement or impaction, diffusional impaction, interception, and gravitational settling. 
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Straining is the simplest mechanical mechanism of filtration, typically involving large 
particles that are removed because a hole in the media is smaller than the particle, this mainly 
occurs on the filter media surface (ASHRAE, 2016). Typically, this form of filtration is not 
an efficient means for removing fine particles. 
Inertial impingement or impaction is a mechanism of filtration that depends on the 
particles size and density. Impingement is when a particle is large or dense enough that it 
cannot stay in the air stream and is thus impacted by the fiber (ASHRAE, 2016; Zhang, 
2004). Impaction is driven by the inertia of the particle in the air stream and can be predicted 
based on the Stokes number, which is the ratio of  the particle’s stopping distance and the 
fiber’s diameter (Brown, 1993). As the Stokes number increases so does the fiber efficiency, 
except when the ratio of particle to fiber diameter increase for small particles and thicker 
fibers where the efficiency will decrease (Zhang, 2004). Inertial impingement or impaction is 
a key mechanism of filtration for capturing dense particles. 
Diffusional impaction is an important filtration mechanism for the fine particles in an 
airstream, driven by the Brownian motion of the particles in the airstream (Brown, 1993). 
The Brownian or zigzag motion of small particles increases the chances of a particle hitting a 
filter fiber when passing through the filter in a non-intercepting streamline (Zhang, 2004). 
Diffusional single fiber efficiency depends on the ratio of particle to fiber diameter and the 
Peclet and Kuwabara hydrodynamic factor dimensionless numbers (Zhang, 2004). 
Diffusional impaction efficiency is the driving mechanism that allows a filter to capture 
particles with a diameter less than the porosity of the filter, which can be a large component 
of a filter’s overall efficiency. 
13 
Interception is a mechanism of filtration that occurs when a particle follows the 
airstream around a fiber and is intercepted by the fiber (Zhang, 2004). The key factors for 
interception for single fiber efficiency is the ratio of particle to fiber diameter and the 
airstream velocity (Brown, 1993). The limitation of interception efficiency is that the 
maximum efficiency is achieved when the ratio of particle to fiber diameter is equal to one, 
with the efficiency increasing with this ratio up to one (Zhang, 2004). Based on this 
relationship, interception is an important mechanism for large diameter particles and particles 
with odd shapes resulting in large aerodynamic diameters.  
The last mechanical filtration mechanism is gravitational settling. Gravitational 
settling is proportional to the terminal settling velocity and inversely proportional to 
airstream velocity and can be estimated as the ratio of these two properties (Zhang, 2004). 
Another important factor for gravitational settling is the direction of the airflow, upward 
airflow results in an efficiency of zero while downward airflow would result in a non-zero 
efficiency. With horizontal airflows with a velocity greater than 0.01 m s-1, the efficiency of 
gravitational settling for moderate to small particles is negligible, except for very large 
particles in airflows with a low velocity  (Zhang, 2004). Gravitational settling can be an 
efficient mode of filtration, though the requirements in velocity are unrealistic for many 
filters leading to gravitational settling commonly being neglected for single fiber and overall 
filter efficiency predictions. 
Electrostatic mechanisms of filtration are simple mechanisms, though sometimes 
difficult to predict performance. Electrostatic mechanisms occur when the filter fiber is 
electrically charged and attracts both charged and neutral particles (Brown, 1993). Due to the 
lack of knowledge of the charge of particles, this mechanism is typically negligible for 
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prediction purposes, though it is known to increase filter efficiency (Zhang, 2004).  The 
common downside to electrostatic mechanisms of charged filters is that the media is known 
to lose its charge with time and must be periodically charged to maintain filtration efficiency 
levels and that particles with the same charge as the filter media will decrease the overall 
efficiency (Zhang, 2004). 
Typically, filters are marketed as mechanical only or electrostatic charged media, 
though the electrostatic charged filters also rely on all mechanical mechanisms described 
above. The selection of the filter must include a consideration of the aerosol capture as this 
will drive the effectiveness of each mechanism and impact the overall filter efficiency. 
Improper assumptions of how a filter will interact with the aerosol will lead to poor 
efficiency of the filter. 
Filter Testing 
To quantify the performance characteristics of filters, numerous tests have been 
developed and standardized to specifically evaluate the unique performance trait of a specific 
filter. The common realms for testing filters are filter resistance, dust holding capacity, and 
overall filter efficiency. 
Filter resistance, as previously defined, is the static pressure drop across the filter at a 
given airflow. The rated airflow for filters in an HVAC system is typically set by the 
manufacturer. The procedure for measuring filter resistance is outlined in ASHRAE Standard 
52.2.  The filter of interest is installed in a test duct and the airflow is set to the desired value 
based on the rated airflow, then subsequently at 50%, 75%, 100%, and 125% of rated airflow 
(ASHRAE, 2012). The minimum requirement for measuring airflow is that the nozzle 
pressure drop measuring the airflow must exceed 100 Pa (0.4 in. wc) (ASHRAE, 2012). 
Specifically, for swine industry applications this minimum pressure requirement presents an 
15 
issue for certified labs to perform tests at lower rated airflow depending on the specific setup. 
Commonly, filter resistance is the primary measure of filter end-of-life for HVAC systems to 
maintain ideal efficiencies. 
Dust holding capacity (DHC) is an alternate measure of filter performance that can be 
used to predict a filter’s end-of-life. In essence, a dust holding capacity test is the measure of 
how much dust, in grams of total mass, the filter can retain until the pressure drop across the 
filter reaches the manufacturer’s recommended end-of-life value (ASHRAE, 2012). The test 
utilizes a synthetic dust fed into the filter in 30 g intervals at a concentration of 70 mg m-3. 
Efficiency tests are performed initially and at intervals of one quarter the overall pressure 
drop increase for the filter (ASHRAE, 2012). The end of test criteria for the DHC test is the 
manufacturer’s end-of-life pressure drop or once the arrestance (described below) of the filter 
drops below 75% (ASHRAE, 2012). To utilize the DHC results, ambient dust concentrations 
must be known as well as the airflow for the filter. Arrestance testing is the percent total 
mass of the dust a filter captures, typically measured and reported on MERV 4 or lower 
filters (ASHRAE, 2012). Arrestance is typically measured during a DHC test as it also 
requires a synthetic dust being added to the airstream in the test duct. There are several 
considerations that must be taken into account for utilizing DHC results. 
In a DHC test, the dust being used is a synthetic mixture that will not mimic 
atmospheric dust. In a laboratory setting, the DHC test measures a filters lifespan in hours to 
weeks, where as in any application the time required to load with dust could be months to 
years (Zhang, 2004). Thus, a DHC test can be useful but the type of dust the filter will 
actually be exposed to and the atmospheric conditions can result in significantly different 
predicted life spans. 
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Filter efficiency tests are segregated based on the type of filter. For HEPA filters, the 
common test targets a particle size of 0.3 µm using the thermal dioctyl-phthalate (DOP) 
method outlined by the US Military Standard MIL-STD-282 (Zhang, 2004). For the DOP 
method, a smoke of dioctyl-phthalate is used as the challenge particulate and a photometer is 
utilized to determine the fractional efficiency (Burroughs & Hansen, 2011).  The thermal 
DOP method provides an efficiency rating for HEPA filters as it targets the specific particle 
size range that HEPA filters are designed to capture. The DOP method requires an accurate 
method for measuring particle capture by size to fully quantify a filter’s efficiency.   
The current ASHRAE standard for testing a filter’s efficiency is 52.2-2012: Method 
of Testing General Ventilation Air-Cleaning Devices for Removal Efficiency by Particle Size 
(ASHRAE, 2012). This standard uses a potassium chloride (KCl) challenge aerosol with a 
particle size distribution of 0.3 to 10 µm, using an optical particle counter to determine 
efficiency (ASHRAE, 2012). Unlike the thermal DOP method, the ASHRAE 52.2 method 
examines multiple particle size removal efficiencies by examining 12 particle size bins 
(Burroughs & Hansen, 2011).  The results of this test are reported as the Minimum 
Efficiency Reporting Value (MERV) which is determined by averaging the 12 particle size 
bins into 3 efficiency categories, E1, E2, E3 (ASHRAE, 2012). Table 1.2 presents the MERV 
values and the corresponding efficiency category cutoffs.  Each efficiency category is 
focused on a specific range of particle sizes; where, E1 covers particles 0.3 to 1.0 µm, E2 
covers particles 1.0 to 3.0 µm, and E3 covers particles 3.0 to 10 µm in diameter (ASHRAE, 
2012). The ASHRAE standard is the commonly accepted filter efficiency measurement 
procedure in the United States, while the EU has developed a slightly different method for 
testing filter efficiency. 
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Table 1.2. ASHRAE 52.2 Minimum Efficiency Reporting Values 
MERV E1 Efficiency E2 Efficiency E3 Efficiency Average Arrestance 
1 n/a n/a E3 < 20 Aavg < 65 
2 n/a n/a E3 < 20 65 ≤ Aavg < 70 
3 n/a n/a E3 < 20 70 ≤ Aavg <75 
4 n/a n/a E3 < 20 75 ≤ Aavg 
5 n/a n/a 20 ≤ E3 < 35 n/a 
6 n/a n/a 35 ≤ E3 < 50 n/a 
7 n/a n/a 50 ≤ E3 < 70 n/a 
8 n/a n/a 700 ≤  E3 n/a 
9 n/a E2 < 50 85 ≤  E3 n/a 
10 n/a 50 ≤ E2 < 65 85 ≤  E3 n/a 
11 n/a 65 ≤  E2 < 80 85 ≤  E3 n/a 
12 n/a 80 ≤  E2 90 ≤  E3 n/a 
13 E1 < 75 90 ≤  E2 90 ≤  E3 n/a 
14 75 ≤ E1 <85 90 ≤  E2 90 ≤  E3 n/a 
15 85 ≤ E1 95 90 ≤  E2 90 ≤  E3 n/a 
16 95 ≤ E1 95 ≤  E2 95 ≤  E3 n/a 
 
The European Standardization Institute has developed its own filter testing standard 
EN 779, Particulate Air Filters for General Ventilation- Requirements, Testing, Markings 
which was last revised in 2012 (ASHRAE, 2016). This standard determines the efficiency 
classification based on the average efficiency of the filter (ASHRAE, 2016). This method 
covers general-use up to HEPA filters using a 17 category system (Kowalski, 2006). Though 
the US and EU standards are similar in nature, the approximate MERV ratings and the EN 
779 categories do not clearly align (Kowalski, 2006). Thus, in the US, the MERV rating 
system is commonly adopted although the International Standards Organization (ISO) is 
developing a comparable standard aimed at unifying filter efficiency testing. 
The ISO standard that was recently released, ISO-16890, is a new approach to 
evaluating filter performance based on a filter’s intended use. As discussed previously, the 
particulate distribution utilized for rural applications are likely relevant in EU countries but 
not the US. The unique feature of the ISO standard is that the efficiency data is reported 
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relative to PM1, PM2.5 and PM10 (Tronville & Rivers, 2016). This is done to easily relate 
the filter efficiency with realistic conditions in the field. This standard is relatively new to the 
filter industry and will take time to gain popularity with HVAC professionals. The unique 
reporting values are promising, in that the efficiency can easily be related to field 
performance, and the efficiency is rated based on the expected environment. 
Common HVAC Applications of Filters for Disease Prevention 
The most common application of filters for preventing the airborne spread of diseases 
is in health care facilities. ASHRAE considers hospitals, outpatient care facilities, and 
residential care and support facilities to all be health care facilities (ASHRAE, 2015). 
Multiple entities have had influence on the overall design of health care facilities including 
the: US Department of Human and Health Services, US Department of Defense, US 
Department of Veteran Affairs, Joint Commission’s Hospital Accreditation Service, along 
with ASHRAE’s standard 170: Ventilation of Health Care Facilities (ASHRAE, 2015). The 
level of filtration varies with a specific facility based on the use of the room creating complex 
filtration decisions. 
With regards to air quality and ventilation, quicker recovery times for patients in 
hospitals has been documented with  a controlled filtered environment (ASHRAE, 2015). It 
has been suggested that the largest impact of filtration on health is the reduction of morbidity 
and mortality with a modest improvement of allergy and asthma symptoms (Fisk, 2013). The 
realm of pathogens prevalent in bioaerosols that are considered detrimental to human health 
has been well studied.  Common viruses of concern for human health range in size from 0.01 
to 0.5 µm and common bacterial sizes range from 0.01 to 10 µm (Kowalski, 2006). Common 
bacterial agents of concern include Mycobacterium tuberculosis and Legionella pneumophila 
(Legionnaires’ Disease) and common viruses that are virulent from airborne transmission 
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include chicken pox/shingles and measles (ASHRAE, 2015). These diseases are only a 
handful of examples of the numerous pathogens that could potentially occur in a health care 
facility and cause concern for both the patients and workers.  
 Zoonotic diseases that are specific in the swine industry include influenza strains, 
Streptococcus suis, and Mycoplasma hyopneumonia (M hyo), though not many human health 
related literature directly states these specific pathogens. There are bacteria in the same genus 
noted in human health research associate with airborne transmission (Tang, Li, Eames, Chan, 
& Ridgway, 2006). For Streptococcal diseases, the airborne spread of such bacteria is known 
to occur through large respiratory droplets and pneumonia causing bacteria including 
Mycoplasma pneumonia  is known to spread via droplets (Tang et al., 2006). The 
epidemiology of airborne spread for select human related pathogens has been well noted. 
Though this research has not been replicated to the same extent for swine diseases, similarity 
of the pathogens could be extremely insightful for reducing the risk of transmission in the 
swine industry. 
In terms of applications of filtration in health care facilities, there are numerous 
recommendations on what airflow to filter and what level of filtration is recommended to 
reduce the risk of airborne pathogen transmission and contamination. The two common 
methods utilized in designing a hospital ventilation system to reduce the airborne spread of 
disease is adequate fresh air changes and air filtration (ASHRAE, 2015; Kowalski, 2006). 
The combination of both methods is adequate when designed properly. Of particular interest 
is the design of the filtration system and the level of filtration needed. 
There are some authorities that recommend the use of HEPA filters in certain 
healthcare facilities that are at least 99.97% efficient (ASHRAE, 2015). The specific 
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recommendations by ASHRAE can be found in ASHRAE Standard 170 (ASHRAE, 2017). 
The common recommendations are that HEPA filters be utilized in risk areas such as 
operating, intensive care, and delivery rooms (ASHRAE, 2015). In general it is 
recommended to filter the outside air with final filters and appropriate primary and secondary 
filters, recirculating air and exhaust air from isolation rooms and laboratories (Kowalski, 
2006). Treatment rooms are recommended to have a primary filter and a secondary filter with 
a MERV rating of 13 to 14 (Kowalski, 2006). 
The use of filtration is an effective method for reducing the particle concentration in 
healthcare facilities but other factors play a role in the overall effectiveness in a ventilation 
system to reduce the spread of airborne pathogens. The overall risk of airborne pathogen 
transmission in a healthcare facility is far greater than that in a swine housing application. 
Thus the use of filters alone is not the only mechanism in place to reduce pathogen exposures 
in a healthcare facility. While the swine industry has implemented filters for reducing the 
pathogen load, like in healthcare facilities, there are other mechanisms that could be 
implemented to reduce the overall risk of airborne pathogen spread. 
Filtration Applications in the Swine Industry 
For the swine industry, many challenges exist for controlling and eradicating 
economically significant diseases. For diseases that infect the respiratory system, PRRSV 
and M hyo present the largest challenges for the industry. It has been reported that PRRSV 
and M hyo are both capable of aerosol transmission (Dee et al., 2010). The US swine 
industry, especially producers in swine dense regions, have realized the economic benefit of 
implementing air filtration on commercial operations as a means to reduce, not eliminate, the 
frequency of PRRSV introductions. In the swine dense region of southern Minnesota and 
northern Iowa, it is estimated that of all PRRSV outbreaks on farms with good biosecurity 
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practices, 80% of outbreaks are due to airborne transmission (Alonso, Murtaugh, Dee, & 
Davies, 2013). The industry has developed a filtration system utilizing commercial HVAC 
type filters to integrate into current ventilation systems commonly used on commercial 
operations. 
In recent literature, the efficacy of filtration on commercial farms for several filter 
types and ventilation systems have been examined extensively. The common placement of 
filters have been in negative pressure ventilation systems with the filters installed over 
existing ceiling inlets or on side wall openings (Alonso et al., 2013). In this particular study, 
and many others, both electrostatically charged and mechanical filters have been utilized 
(Alonso et al., 2013; Dee et al., 2010). The common primary filters have been MERV 4 in 
one study, with numerous studies not clearly stating the use of a primary filter (Alonso et al., 
2013; Dee et al., 2010). The common secondary filters used in the reported studies have been 
mini-pleated v-bank pocket type filters with ratings ranging from MERV 14 to 16 (Alonso et 
al., 2013; Dee et al., 2010). Overall, both experimental and field studies have shown that air 
filtration is effective at reducing the frequency of PRRSV introductions. One recent field 
study comparing filtered and non-filtered sites in a swine dense region, showed a significant 
reduction in the risk of airborne PRRSV introduction (Alonso et al., 2013). When adding 
filtration to a ventilation system, one must consider the risks associated with each type of 
ventilation systems for unfiltered air. 
Negative pressure ventilation systems commonly employed on commercial swine 
barns present challenges that potentially would undermine the benefit of adding air filtration. 
Specifically, negative pressure ventilation systems present the risk of infiltration of air into 
the barn through unplanned openings, cracks, idle fans, doors, etc. (Jadhav, Hoff, Harmon, 
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Jacobson, & Hetchler, 2015). In a filtered negative pressure barn this infiltration is unfiltered 
air that carries the risk of airborne disease transmission. Research has been conducted on 
reducing infiltration through idle fans , showing that select commercially available options 
such as double shutters significantly reduces idle fan infiltration (Alonso, Otake, Davies, & 
Dee, 2012). The horizontal placement of filters in an attic allows dust to settle on and around 
the filters when attic insulation is stirred during filter changes, potentially bypassing the 
filter. In the end a negative pressure ventilation system with air filtration is an effective 
method for reducing the airborne transmission of PRRSV, but requires constant upkeep and 
monitoring for it to remain effective. 
In recent years the US swine industry has seen the implementation of a new 
ventilation and filtration system on commercial breeding-gestation-farrowing operations. 
Positive pressure ventilation with filtration is a relatively new system for the commercial 
sector with limited research conducted on such systems. In principle, a positive pressure 
ventilation system eliminates the risk of unfiltered air through unplanned infiltration. There 
are several key differences between negative and positive systems in terms of how the filters 
are implemented into the overall ventilation system. It is common in a negative pressure 
system for the filters to be horizontal with the direction of airflow vertical. In a positive 
pressure system, filters are typically vertical with a horizontal airflow.  These differences in 
how the filters are installed directly impacts how the filters load and ultimately the life span 
of the filters themselves. Current literature is lacking in addressing filter lifespan in both 
negative and positive pressure filtered ventilation systems. 
Filter Life Cycle Analysis 
The cost of utilizing filters in a ventilation system can be complex to analyze and 
predict. The cost of filtration is broken down into three main components; including, 
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investment and maintenance, disposal, and energy consumption (Arnold, Matela, & Veeck, 
2005). The investment, maintenance, and disposal of filters is highly dependent on the 
system and type of filters utilized, but once known can be easily predicted. The complicated 
component is the prediction of energy consumption from the addition of filters. 
The energy consumption related to filters accounts for, on average, up to 80% of the 
cost of filtration (Montgomery, Green, Rogak, & Bartlett, 2012). The methodology for 
determining the energy consumption varies slightly based on the efficiency rating system 
used. In the EU the common measure of filter energy efficiency is the “key energy 
performance” (KEP) value (Montgomery et al., 2012). The  KEP value is based on the 
filtration efficiency determined by the EN779 test and the average pressure drop of the filter, 
where the average filter pressure is calculated as the instantaneous filter pressure drop as a 
function of dust loading (Montgomery et al., 2012). These methods can be slightly modified 
to utilize a MERV rating as well. The power consumption can be calculated independent of 
the filter efficiency as a function of the filter pressure drop, airflow, and the fan efficiency 
(Montgomery et al., 2012). The basic models for calculating energy consumption assume a 
constant airflow system to simplify the calculations, while more advanced methods do exist 
to account for variable airflow systems. 
The lifetime of a filter in a particular application can be modeled to some extent. 
Filter life, for constant airflow systems, can be determined based on the dust holding capacity 
of the filter, the arrestance value, the inlet particle concentration, and airflow (Fisk, Faulkner, 
Palonen, & Seppanen, 2002). The particle concentration measure with accuracy is crucial for 
meaningful predictions. The manufacturer also typically recommends an end-of-life filter 
pressure drop that ensures the rated efficiency of the filter. In a theoretical model of various 
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filters, the operating cost of a filtration system was found to be more expensive when filters 
were utilized up to the recommended end-of-life pressure drop compared to when the 
minimum operating cost for the system was achieved (Montgomery et al., 2012). These 
methods for determining the operating costs of filters is heavily dependent on the assumption 
that the filters are utilized in a conventional HVAC system. 
In commercial swine barn applications, the assumptions of a conventional HVAC 
system and constant airflow are not met. Today’s swine barn ventilation systems lack the 
capacity to achieve the manufacturer’s rated end-of-life pressure drops. Thus, the application 
of energy cost and filter life may not be truly reflective of realistic costs and filter life span 
on the farm. Typical swine barn ventilation systems are variable airflow systems dependent 
on the temperature inside the barn and particle concentrations are likely higher depending on 
the specific location and time of year. These differences in assumptions need to be addressed 
for the unique application in swine barns to allow for accurate life cycle analysis of filters. 
When selecting filters with the life cycle analysis, a few items must be kept in mind. 
First, the sole purpose of a primary filter is to extend the life span of the secondary filters 
(Sparks & Chase, 2016). The cost of a primary filter is typically less than that of a secondary 
filter with a higher efficiency. When considering the cost and capacity, the lowest capacity 
filter typically will have a higher cost than that of a higher capacity filter as the lower 
capacity filter will need to be replaced more frequently (Arnold et al., 2005; Sparks & Chase, 
2016). In terms of cost, the primary filter can affect the long-term cost of a filtration system 
if improperly selected and managed. The frequency of the secondary filter replacement is 
dependent on the environmental conditions and the primary filter characteristics. These 
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considerations must be factored into the long term planning for any swine housing filtration 
system to optimize costs associated with the system. 
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CHAPTER 2.    DESIGN AND VALIDATION OF A MOBILE AIR FILTER 
TESTING LABORATORY FOR ANIMAL AGRICULTURAL APPLICATIONS 
B. C. Smith, B. C. Ramirez, S. J. Hoff, J. D. Harmon, J. P. Stinn 
This manuscript has been submitted to Transactions of ASABE. 
 
This manuscript covers the design of a mobile air filter testing laboratory specifically 
designed for testing filters for an agricultural application. This laboratory is designed for 
airflows less than 28,200 L min-1. A computational fluid dynamic model was completed prior 
to construction to validate the design. Once built, the duct was calibrated and an extensive 
uncertainty analysis on the final airflow prediction was completed. The last component of 
this manuscript was the validation of the lab to a certified ASHRAE 52.2 laboratory. 
All authors of the manuscript were involved in the design stage of the manuscript. Dr. 
Hoff and Dr. Ramirez provided guidance and advice on the instrumentation of the laboratory 
and the construction. Dr. Ramirez graciously assisted in the calibration and in the uncertainty 
analysis of the laboratory. I completed the construction and validation testing of the lab. All 
authors were involved in the preparation of this manuscript for publication. 
Abstract 
The swine industry is shifting towards filtered ventilation systems, using primary and 
secondary heating, ventilation and air conditioning (HVAC) filters to improve breeding herd 
health and reduce the frequency of airborne disease outbreaks. Typical axial fans used in 
these ventilation systems cannot achieve and maintain the rated pressure drop for HVAC 
filters (100 Pa); hence, a large number of filters is required to achieve the lower filter 
pressure drop (37 Pa) in swine facilities. This large difference in operating pressure creates a 
unique need for the development of an agriculture filter-testing laboratory with comparable 
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ASHRAE 52.2 filter resistance test results. To address these challenges, the mobile air filter 
testing (MAFT) laboratory was designed and constructed for timely farm-to-farm testing of 
on-site filters at a pressure drop of 37 Pa for 2,820 to 28,200 L min-1 (100 to 1,000 ft3 min-1) 
airflows. The test duct in MAFT was calibrated for a range of 4,320 to 28,200 L min-1 and 
validated against an ASHRAE 52.2 certified laboratory using 34 filters. Relative combined 
standard uncertainty for airflows ranging from 5,721 to 23,619 L min-1 was 6% to 1.5%, 
respectively. MAFT provides a unique and accurate approach for testing agricultural filter 
performance directly at the application site to eliminate the time and cost to test filters at 
certified laboratories. Filter performance data generated by MAFT will be used to accurately 
determine the necessity for on-site filter replacement based on the airflow at a given filter 
resistance to maintain proper ventilation rates. 
Introduction 
The demand for food production will increase with the concurrent world population 
increase, specifically for animal-based protein products (Thornton, 2010). The swine industry 
faces numerous challenges to enhance the production efficiency needed for satisfying the 
growing protein demand. Reducing the frequency of detrimental disease outbreaks through 
improving biosecurity practices is a key component that will enable the production of a safe 
animal-based protein product. Specifically, Porcine Reproductive and Respiratory Syndrome 
(PRRS) has the largest economic impact, costing the US swine industry an average of USD 
661 million per year (Holtkamp et al., 2012). 
Extensive efforts by the swine industry have focused on identifying and addressing 
the major routes of disease transmission into buildings; however, these efforts have typically 
excluded airborne routes (Ramirez & Zaabel, 2012). In recent years, the economic value of 
controlling airborne disease transmission through air filtration have been noted as potentially 
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beneficial in the long term for commercial buildings (Alonso, Davies, Polson, Dee, & 
Lazarus, 2013). The addition of fresh air ventilation filtration has resulted in improved 
biosecurity and increased production of PRRS negative pigs from 59% to 93% with an 
accompanying increased value of  5 USD pig-1 weaned (Alonso et al., 2013). The 
implementation of filtration systems on commercial sites with multiple buildings presents a 
challenge for routine testing. Common filtered ventilation systems for swine buildings 
employ an average of 2,000 to 5,000 primary and secondary filter combinations on a site 
across multiple buildings. The testing and replacement costs for an individual site can 
quickly become an economic concern. 
Typical swine housing systems use high volume low pressure axial fans for fresh air 
ventilation; thus, limiting the allowable pressure drop across filters when added to the 
system.  To maintain an energy efficient ventilation system, the pressure drop across filters is 
typically assumed to be 37 Pa (0.15 in. wc) during the design process resulting in a larger 
number of filters needed with a lower airflow rate than manufacturer rated values. When 
testing filter resistance, ASHRAE 52.2 certified ducts adjust airflow to achieve the desired 37 
Pa pressure drop; however, by reducing the flow rate, measurement uncertainty tends to 
increase due to the need for full-scale calibration of many commercial transducers. In 
addition to the potential for higher uncertainty associated with lower airflows, the cost 
associated with sampling high numbers of filters creates an economic issue when a 
representative sample is needed to make improved management decisions for filter 
replacement. Further, based on the rural location of many swine facilities, filter replacement 
may need to occur twice a year depending on adjacent conditions or events, such as, adjacent 
fields, livestock operations, unpaved roads and grain handling facilities.  
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A mobile air filter testing (MAFT) laboratory with a documented statement of 
measurement uncertainty is needed to address the high uncertainty in testing filter resistance 
at a lower pressure drop and the economical need to test a representative sample.  The 
designed application of MAFT is to travel to remote swine facilities to test a representative 
sample size of both primary and secondary filters with documented standard uncertainty in 
the final airflow prediction. By utilizing a mobile laboratory, the cost of testing filters for this 
purpose is reduced by not replacing filters that are sampled and the overall time from 
sampling to receiving data is reduced dramatically. Additionally, the same filters can be 
tested over time to gain a more accurate airflow drop curve. The objectives of this study 
were: (1) design and construct a mobile air filter testing (MAFT) laboratory; (2) validate the 
MAFT laboratory against an ASHRAE 52.2 laboratory; and (3) perform a detailed 
uncertainty analysis associated with predicted airflow by MAFT. 
Materials and Methods 
The methodology used to design and validate a mobile air filter testing (MAFT) 
laboratory followed numerous steps to adapt the standard ASHRAE duct to the mobile 
application intended. 
Numerical Simulation 
A commercially available computation fluid dynamics (CFD) model was used to 
study the turbulence intensity and velocity contours as a function of duct length to validate 
the design prior to construction. Four different duct length combinations were modeled at an 
airflow of 19,740 L min-1 (700 ft3 min-1) for a qualitative comparison with a full ASHRAE 
52.2 (ASHRAE, 2012) duct at a design airflow of 56,400 L min-1 (2000 ft3 min-1). The 
experimental duct configurations were modeled at the expected airflow for filtered swine 
housing applications. To complete the qualitative comparison, the ASHRAE 52.2 duct was 
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modeled at the rated airflow of the filter combination; thus, allowing for a comparison of the 
modeled duct to the expected flow conditions in an ASHRAE 52.2 duct.   
A two-dimensional model of the proposed MAFT duct was used with four different 
configurations tested. The first three configurations had equal distances upstream and 
downstream of the filter: 1.524 m (60 in.), 1.83 m (72 in.), 2.13 m (84 in.), along with a 
fourth configuration of 1.83 m (72 in.) upstream and 1.524 m (60 in.) downstream of the 
filter. Boundary conditions were established for the duct inlet velocity (the end of the entry 
transition) and the no-slip walls (sides of the duct).  The filter was modeled as a modified 
flow straightener with no-slip wall boundary conditions that induced the desired pressure 
drop with similar open area as a secondary v-bank type, mini-pleated filter.  A 
predominately-rectangular mesh with approximately 40,000 cells was created to ensure 
proper resolution. The k-epsilon turbulence model was used with convergence monitored 
based on continuity and the change in mean and maximum velocity in the domain. Velocity, 
pressure, and turbulence intensity contour plots were visually inspected for flow development 
characteristics entering the filter and nozzle, and turbulence levels in comparison to the 
ASHRAE 52.2 duct.    
Design 
The designed airflow ranged from 2,820 to 28,200 L min-1 (100 to 1,000 ft3 min-1) 
was used to calculate the desired precision nozzle characteristics.  This airflow range was 
selected based on combinations of filters that are currently utilized by the swine industry. 
The test duct was partitioned into four sections (entry, filter, upstream nozzle, and exhaust) 
with the total length constrained by the trailer size. Additionally, an entry transition 
connected the supply pipe (from blower) to the square test duct, (fig. 2.1 and table 2.1). 
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Table 2.1 Defined dimensions for figure 1. 
Label Description Dimension 
A Duct cross-sectional width and height 0.610 m (24 in.) 
B Exhaust Section  length 1.220 m (48 in.) 
C Precision nozzle diameter 0.152 m (6 in.) 
D Nozzle face to pitot tube 0.305 m (12 in.) 
E Upstream Nozzle Section length 1.524 m (60 in.) 
F Pitot tube to back of filter 0.660 m (26 in.) 
G Pre-filter face to front of Filter Section 0.051 m (2 in.) 
H Filter Section length 0.610 m (24 in.) 
I Entry Section end to pitot tube 0.254 m (10 in.) 
J Entry Section length 1.830 m (72 in.) 
K Flow Straightener hydraulic diameter 0.051 m (2 in.) 
L Flow Straightener hydraulic length 0.305 m (12 in.) 
M Square Duct to supply pipe transition length 0.318 m (25 in.) 
N Temperature probe placement in PVC pipe 0.102 m (4 in.) 
O PVC pipe length 0.360 m (14 in.) 
P Temperature probe placement length to end of pipe 0.203 m (8 in.) 
Q PVC pipe diameter 0.203 m (8 in.) 
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Figure 2.1 Mobile air filter test (MAFT) duct component design with dimensions A to P 
defined in Table 1.  Pressure taps in the precision nozzle were equally spaced with four taps 
total.  Three pitot tubes were used at each measurement location, top and both sides of the 
duct, and were averaged together for the reading at that point in the duct.  
Construction 
The test duct was housed in an enclosed trailer (Cross Trailers, Elkhart, 
IN) with interior dimensions (L × W × H) of 7.3 m (24 ft) × 2.6 m (8.5 ft) × 2.13 m (7 ft) and 
retrofitted with a custom wiring setup to accommodate the AC circuits for air handler power, 
air conditioner, baseboard heaters, and instrumentation. The intake side of the blower was 
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mounted on the front of the trailer with two primary filters installed on the inside of the 
trailer. A 4.9 m (16 ft) section of 0.203 m (8 in.) diameter flexible, insulated duct connected 
the supply pipe to the intake of the radial blower. The 2.24 kW (3 HP) radial blower (Model 
7AT98, Dayton Manufacturing Co.) was placed inside a custom weatherproof housing for 
accessing the damper. The outlet of the radial blower was connected to the damper, which 
was then connected to the entry of the duct inside the trailer with 1.524 m (5 ft) long flexible, 
insulated duct and a supply pipe through the front of the trailer, (fig. 2.2).   
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Figure 2.2 Overall schematic showing with MAFT housed inside an enclosed trailer with 
external radial blower and generator. 
The entry transition was permanently secured to the trailer with the upstream opening 
attached to the supply pipe and the downstream opening secured to the entry duct section. 
The entry transition consisted of a 0.203 m (8 in.) diameter to 0.305 m (12 in.) square duct 
boot adapter and projected to 0.610 m (24 in.) square duct with acrylic sides. The entry duct 
section was secured in place, with the bottom of the duct 0.610 m (24 in.) off the floor of the 
trailer. A flow straightener was constructed by assembling a 10 by 10 lattice grid structure of 
0.051 m (2 in.) Schedule 80 PVC pipe. The filter section, upstream nozzle section, and 
exhaust section were placed on casters which fit into an angle iron grid to allow forward and 
backward movement.  
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The duct walls were made of 6.35 mm (0.25 in.) thick clear acrylic and secured to a 
4.64 mm (0.1825 in.) thick angle iron frame for support and rigidity. The acrylic and iron 
frame joints were sealed with silicone and the four duct sections were bolted together with a 
foam strip gasket between them. The precision nozzle was mounted in a custom flange 
consisting of two pieces of sheet metal with 0.355 m (14 in.) holes cut out of each. The 
flange was assembled using stainless steel bolts and foam strip gaskets, then secured between 
the upstream nozzle and exhaust sections using bolts. 
Instrumentation 
The instrumentation for the system was designed to measure and record all necessary 
data needed for accurate airflow calculations and simple control of the system components. 
Barometric pressure (Model 276; Setra Systems, Inc.) was measured inside the trailer and a 
combination dry-bulb temperature and relative humidity probe (Model HMP-110; Vaisala) 
with a duct mounting attachment was placed in the supply pipe upstream of the entry 
transition. The upstream static pressure of the precision nozzle was measured by averaging 
the static pressure from three pitot tubes placed 0.305 m (12 in.) upstream of the precision 
nozzle.  The downstream static pressure was measured using the average of four pressure 
taps built into the throat of the precision nozzle. Two differential pressure (DP) transducers 
(Model 267; Setra Systems, Inc.) with two different ranges (0 to 248 Pa and 0 to 373.2 Pa) 
were used to encompass the desired testing range and minimize uncertainty. A gas 
multiplexer made of a solenoid array controlled switching and isolating the 0-248 Pa range 
when the pressure drop approached and exceeded 248 Pa. The pressure drop across the filters 
was measured using upstream and downstream pitot tubes placed 0.305 m (12 in.) and 0.66 
m (26 in.), respectively from the upstream and downstream faces of the filters. For measuring 
the pressure drop across the filter combination, a DP transducer (0 to 124 Pa range) was 
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selected. An actuated damper (Model M9108-GGA; Johnson Controls) with 0 to10 VDC input 
was selected to control flow on the downstream end of the radial blower. The sensor signals 
were measured as a differential input into a 16-bit data acquisition (DAQ) system (Model 
16082AO; Measurement Computing, Inc.). The DP transducers, solenoids and power 
supplies were contained in a custom housing. 
Operation 
A custom program and graphical user interface was developed in the development 
environment for visual basic for applications (VBA) to control the damper and collect data. 
A proportional-integral loop controlled airflow rate through the filter to achieve the desired 
pressure drop across the filter via damper opening area from static pressure feedback. Once 
the desired filter pressure drop was achieved, data was recorded for 15 s at 4 Hz. Data from 
each input were then averaged together as an arithmetic average for the use in calculating the 
airflow prediction. If the pressure drop across the precision nozzle exceeded the threshold for 
either pressure transducer, the appropriate solenoids isolated and relieved the pressure to 
prevent damage to the transducer. For DP < 248 Pa both transducers were used and when DP 
> 248 Pa, the 0 to 373.2 Pa range transducer was used. In terms of airflow, the 0 to 248 Pa 
transducer was used for flows ranging from 4,320 L min-1 to 19,822 L min-1 (150 to 700 ft3 
min-1) and the 0 to 373.2 Pa transducer was used for flows from 4.320 L min-1 to 28,200 L 
min-1 (700 to 1,000 ft3 min-1). At flows less than 19,822 L min-1 the airflow predictions from 
both pressure transducer readings were averaged. 
The VBA program calculated airflow through the nozzle, assuming all mass was 
conserved, corrected the value to a standard airflow, and applied the calibration equation. 
Airflow calculations (eq. 38; ASHRAE, 2013) were performed using the average 
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temperature, relative humidity, barometric pressure, and nozzle pressure collected as shown 
in equation 2.1.   
Q' = Cd  (
πd2
4
) √
2δp
ρ (1-β4)
 (2.1) 
Where,  
 Qʹ = predicted airflow (m3 s-1) 
 Cd = discharge coefficient (0.98) 
 d = nozzle diameter (0.152 m) 
 D = duct hydraulic diameter (0.610 m) 
 δp  = differential pressure across nozzle (Pa) 
 ρ = moist air density (kg m-3) 
 β = d D-1 
   
   
The airflow calculation was then corrected to standard temperature and barometric 
conditions as shown in equation 2.2. 
Qstd =  
Q'
(
Pstd
P-Pws × rh  
T
Tstd
)
 
(2.2) 
Where,  
 Qstd = corrected airflow to standard conditions (m
3 s-1) 
 Pstd = Standard barometric pressure (101,325 Pa) 
 P   = actual barometric pressure (Pa) 
 Pws  = saturation water vapor partial pressure (Pa) 
 rh = relative humidity of actual conditions (%) 
 T  = actual dry-bulb temperature (K) 
 Tstd = standard dry bulb temperature conditions (294.25 K) 
   
   
 
Operational Performance 
To evaluate the operational performance of MAFT, data from individual sensors were 
collected on the reference pair of primary and secondary filters from a simulated filter test at 
a filter pressure drop of 37 Pa. Collected data was parsed for outliers using Chauvenet’s 
Criterion. 
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Calibration 
The test duct utilized in MAFT was calibrated at the University of Illinois BESS fan 
test facility (http://bess.illinois.edu/) for flow rates ranging from 4320 to 28200 L min-1 (150 
to 1000 ft3 min-1). The filter section, upstream nozzle section and exhaust section were 
mounted to the wind tunnel outlet. A new primary and secondary filter (reference pair) were 
mounted in the duct to simulate flow conditions expected during normal MAFT operation. 
MAFT DP readings were recorded, while temperature and relative humidity were recorded 
by BESS during the calibration.  Calibration was performed for increasing (n = 8) and 
decreasing flows (n = 8). The calibration equation (eq. 2.3) was developed to calibrate the 
flow predicted at standard conditions. A t-test, α = 0.05 and df = 8 (0 to 248 Pa), df = 13 (0 to 
372 Pa) of the slope assessed whether it was different from unity.   
 
Qref = b Qstd + a (2.3) 
Where,  
 Qref = predicted airflow standard conditions (m
3 s-1) 
 b   = slope coefficient 
 a  = intercept coefficient 
   
Uncertainty Analysis 
To quantify the uncertainty in the final airflow prediction, Qref, the standard 
uncertainty of all key inputs must be calculated. A zeroth-order uncertainty budget was 
created for each of the key measured inputs, that is, differential pressure transducer (table 
2.2) barometric pressure (table 2.3) and dry-bulb temperature and relative humidity (table 
2.4). The zeroth ordered uncertainty budget included the manufacturer’s accuracy and long 
term stability, quantization error from the 16-bit DAQ board and the standard error (SE) from 
data collected, the budgets below do not contain the SE component. All sensors were 
calibrated by the manufacturer according to the manufacturer’s specifications with a 
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calibration report provided prior to utilization in the system. The standard uncertainty in the 
nozzle diameter was determined based on one half the reading scale set by the manufacturer 
Δd = 0.0027 m. The uncertainty in the duct diameter was calculated as one half the reading 
scale of the measurement device used to construct the duct ΔD = 0.0214 m. Combined 
standard uncertainty for MAFT was calculated for airflow for a subset of filter tests 
completed during the initial months of testing. Selected airflow values ranged from 5,721 to 
23,619 L min-1 (202 to 834 ft3 min-1).  
Table 2.2 Uncertainty budget for differential pressure transducers. 
Source 
Value 
(Pa) 
Probability 
Distribution Divisor 
Standard 
Uncertainty 
(Pa) 
 
Accuracy RSS[a] 
2.488 - 
3.732 
Rectangular √3 1.4364 - 21.547 
 
Long term stability 
0.2488 - 
0.3732 
Rectangular √3 0.0144 - 0.2155 
 Quantization 
error[b] 
0.0057 - 
0.0085 
Rectangular √3 0.0033 - 0.0049 
      
Combined Standard sensor uncertainty, Δ δp1 , Δ δp2 1.4436 - 2.1654 
[a] Root Sum Square (at constant tdb), ±1.0% full scale (δp1) 0-248.8Pa, (δp2) 0-373.2 Pa 
[b] ±0.5 sensor resolution = (16-bit ADC resolution, 10 VDC reference range = 1.53E-4 V 
BL-1)(sensor sensitivity)-1 
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Table 2.3 Uncertainty budget for barometric pressure transducer. 
Source 
Value 
(kPa) 
Probability 
Distribution Divisor 
Standard 
Uncertainty 
(kPa) 
 Accuracy RSS[a] 0.3447 Rectangular √3 0.199 
 Long term stability 0.3447 Rectangular √3 0.199 
 Quantization error[b] 0.0032 Rectangular √3 0.0018 
      
Combined Standard sensor uncertainty, ΔPb 0.2815 
[a] Root Sum Square (at constant tdb), ±1.0% full scale (0-137.895 kPa) 
[b] ±0.5 sensor resolution = (16-bit ADC resolution, 10 VDC reference range = 1.53E-4 V 
BL-1)(sensor sensitivity)-1 
 
Table 2.4 Uncertainty budget for temperature and relative humidity sensor. 
Source 
Value 
(°C, %RH) 
Probability 
Distribution Divisor 
Standard 
Uncertainty 
(°C, %RH) 
 Accuracy RSS[a] 0.2, 1.5 Rectangular √3 0.12, 0.87 
 Long term stability N/A[c], 2.0 Rectangular √3 N/A
[c], 1.15 
 
Quantization error[b] 0.0027, 0.0023 Rectangular √3 
0.0016, 
0.0013 
      
Combined Standard sensor uncertainty, Δtdb, Δrh 
0.1155 - 
1.4434 
[a] Manufacturer stated accuracy 
[b] ±0.5 sensor resolution = (16-bit ADC resolution, 10 VDC reference range = 1.53E-4 V 
BL-1)(sensor sensitivity)-1 
[c] Long term stability is included in accuracy term from manufacturer specifications  
 The combined standard uncertainty associated with moist air density included the 
uncertainty in dry-bulb temperature, relative humidity, and barometric pressure 
measurements as shown in eq. 2.4. 
∆ρ2 = (
∂ρ
∂tdb
 ∆tdb)
2
+ (
∂ρ
∂rh
 ∆rh)
2
+ (
∂ρ
∂Pb
∆Pb)
2
 (2.4) 
Where,  
 Δρ = combined standard uncertainty in moist air density (kg m-3) 
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The combined standard uncertainty associated with actual airflow prediction was 
obtained by combining the zeroth-order uncertainty budgets of key inputs and moist air 
density combined uncertainty, eq. 2.5. 
∆Q'2 = (
∂Q'
∂d
∆d)
2
+ (
∂Q'
∂δp
∆δp)
2
+ (
∂Q'
∂ρ
∆ρ)
2
+ (
∂Q'
∂β
∆β)
2 
 (2.5) 
Where,  
 ΔQact = combined standard uncertainty in predicted airflow (m3 s-1) 
    
   
The combined standard uncertainty associated with airflow prediction at standard 
conditions combined the zeroth-ordered budgets for dry-bulb temperature, barometric 
pressure, and the combined standard uncertainty associated with predicted airflow, eq. 2.6. 
∆Qstd
2 = (
∂Qstd
∂Q'
∆Q')
2
+ (
∂Qstd
∂Pb
∆Pb)
2
+ (
∂Qstd
∂tdb
∆tdb)
2
 (2.6) 
Where,  
 ΔQstd = combined standard uncertainty airflow at standard conditions (m3 s-1) 
   
   
The final combined standard uncertainty obtained is in the final airflow prediction by 
combining the uncertainty in the standard uncertainty in airflow at standard conditions and 
the RMSE of the calibration, eq. 2.7. 
∆Qfinal
2 = (
∂Qref
∂Qstd
∆Qstd)
2
+ RMSE2 (2.7) 
Where,  
 ΔQfinal = combined standard uncertainty in the final airflow prediction (m3 s-1) 
 RMSE = root mean square error from linear regression (eq. 3; m3 s-1)  
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Results and Discussion 
Operational Performance 
The results of the reference pair of filters of all sensor inputs are shown in table 2.5. 
Table 2.5 Average and SE results from the raw data for a reference filter test. 
Sensor Average SE 
 
Barometric pressure (Pa) 96,462.17 17.03 
 
Dry-bulb temperature,(C) 15.81 0.05 
 
Relative humidity (%) 70.10 0.03 
 
Nozzle differential pressure[a] (Pa) 146.65 0.12 
 
Filter differential pressure (Pa) 37.05 0.05 
 [a]Nozzle differential pressure collected from the 0-248.8 Pa range pressure 
transducer. 
The filter and nozzle differential pressure show minimal variation with time through 
the data collection phase of the filter test, (fig. 2.3). The larger SE of the nozzle pressure is 
believed to be caused by the higher turbulence upstream of the nozzle. Though it is noted in 
this test that the relative humidity shows a downward trend with time, likely due to this test 
being the first test of the day so air conditions throughout the enclosed trailer and duct have 
not fully mixed yet (fig. 2.4). No outliers were detected from any sensor outputs over the 15 s 
of recorded data. 
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Figure 2.3 Example data for filter and nozzle differential pressure drops for the reference 
filter set. The nozzle differential pressure drop was recorded using the 0-248.8 Pa range 
pressure transducer. 
Figure 2.4 Example data for dry-bulb temperature and relative humidity of moist air running 
through the duct for the reference filter set.  
 
 
0
20
40
60
80
100
120
140
160
0 5 10 15
D
if
fe
re
n
ti
a
l 
P
re
s
s
u
re
 (
P
a
)
Time (s)
Filter Pressure
Nozzle Pressure
69.4
69.6
69.8
70.0
70.2
70.4
70.6
70.8
14.0
14.5
15.0
15.5
16.0
16.5
17.0
0 2 4 6 8 10 12 14 16
R
e
la
ti
v
e
 H
u
m
id
it
y
 (
%
)
D
ry
-B
u
lb
 T
e
m
p
e
ra
tu
re
 (
o
C
)
Time (s)
Temp RH
45 
Calibration 
A unique calibration regression was developed for each differential pressure 
transducer. No hysteresis was observed and coefficient of determination (R2) exceeded 0.99 
for both calibration regressions, (fig. 2.5 and fig. 2.6). The slope was found to be 
significantly different from unity for each pressure transducer, 0 to 248.8 Pa range (p = 
0.0021) and 0 to 373.2 Pa range (p = 0.0012). This suggests that the calibration of MAFT 
was justified and needed. The offset observed in predicted flow rate may be attributed to the 
shorter duct section lengths resulting in turbulent flow conditions and utilizing the nozzle 
throat pressure taps as the nozzle downstream pressure reading. Due to the short duct 
sections, a zero flow point was not included in the calibration regression to reduce the error 
in the regression as the offset in differential pressure readings could not be observed at zero 
flow. 
Figure 2.5 Test duct calibration curve for pressure transducer range 248.8 Pa with linear 
regression between the test duct flow rate (x) and the calibration reference flow rate (y). 
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Figure 2.6 Test duct calibration curve for pressure transducer range 373.2 Pa, with linear 
regression between the test duct flow rate (x) and the calibration reference flow rate (y). 
Uncertainty Analysis 
Relative expanded (coverage factor = 2; ~95% confidence level) uncertainty with an 
applied ranged from 1.5% to 5% (23,619 to 5,721 L min-1). The break observed in the 
relative and absolute curves (fig. 2.7) is a result of the two different differential pressure 
transducers used in MAFT. For future work, one higher accuracy differential pressure 
transducer might reduce the overall uncertainty when in the transition range of differential 
pressures. 
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Figure 2.7 Absolute and relative uncertainty associated with airflow measurements from 
MAFT. 
Validation 
A total of 34 filter combinations (primary and secondary filters) were tested for the 
validation of MAFT at varying flow rates of 9,600 to 24,000 L min-1 (320 to 830 ft3 min-1). 
Residuals were calculated as the difference between MAFT predicted airflow and the 
ASHRAE 52.2 laboratory predicted airflow. The average residual for the entire data set is -
727 L min-1 (-26 ft3 min-1) or an average difference of 4% of the ASHRAE 52.2 laboratory’s 
prediction for airflow. Fig. 2.8 shows both the ASHRAE 52.2 and MAFT’s airflow 
prediction across all 34 filters tested. 
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Figure 2.8 Comparison of all 34 filters tested between MAFT and the ASHRAE 52.2 
laboratory. 
Further analysis of the residual values between MAFT and the ASHRAE 52.2 
laboratory show a slight negative bias on average of the MAFT prediction residuals, -727 L 
min-1 (-26 ft3 min-1) or -4%, (fig. 2.9). There are multiple factors that could have caused the 
bias in the residuals. Variations in testing protocols and sensor accuracy are likely at play. It 
is difficult to accurately match the pressure drop across the filter during testing across 
multiple laboratory. Shipping filters could have also played a role in the bias observed, dust 
settling or dislodging and loss of moisture could have occurred.  
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Figure 2.9 Linear relationship between the airflow prediction from the ASHRAE 52.2 
laboratory (x) and the residual between MAFT and the ASHRAE 52.2 laboratory’s airflow 
prediction (y). The solid line represents the average residual value. 
Conclusions 
A custom mobile air filter testing (MAFT) unit with an airflow range of 4,320 L min-1 
(150 ft3 min-1) to 28,200 L min-1 (1,000 ft3 min-1) was designed, constructed, and calibrated. 
The test duct was mounted in an enclosed trailer for easy transportation from site to site. The 
duct was built using clear acrylic plastic and utilized a flow nozzle to determine airflow. 
Filter tests from the first several months of testing were used to calculate the absolute and 
relative uncertainty which resulted in a relative standard uncertainty ranging from 5% to 
1.5% for airflow values ranging from 5,721 L min-1 (202 ft3 min-1) to 23,619 L min-1 (834 ft3 
min-1).  The mobile aspect of this filter testing unit makes it ideal for use in the commercial 
swine industry for filter resistance testing on breeding-gestation-farrowing facilities for cost 
effective testing for a representative sample for the site. By testing on site, filter end-of-life 
can be maximized by accurately measuring filter airflow, compared to solely replacing filters 
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after fixed durations of use. This can substantially reduce the costs of frequent filter changes 
and the disease transmission risk associated with changing filters. 
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CHAPTER 3.    QUANTIFICATION OF SITE LAYOUT AND FILTER 
CHARACTERISTICS ON PRIMARY FILTER AIRFLOW REDUCTION ON 
COMMERCIAL SWINE SITES IN IOWA 
B. C. Smith, S. J. Hoff, J. D. Harmon, D. S. Andersen, J. J. Zimmerman, J. P. Stinn 
This manuscript will be submitted to Applied Engineering in Agriculture. 
 
This manuscript covers the results of a field study during the summer of 2017. Eight 
commercial breeding-gestation-farrowing swine units were utilized in the study. The 
objectives of the study were to identify the key site layout and filter factors that affect filter 
airflow drop. The airflow and weight of the primary filters were measured at the beginning 
and end of the study using the MAFT laboratory. Factors about the site layout and the filters 
installed were recorded. Following the analysis of the study, key site layout and filter factors 
were identified that detrimentally impacted airflow and weight gain. 
This manuscript owes its completion to a collaboration of all the authors. Drs. Hoff, 
Harmon, Andersen, and Zimmerman were involved in the research planning and data 
analysis of the paper. I completed the filter testing on site and processing of the data for 
analysis. Dr. Stinn was the company contact for the sites utilized in the study. All authors 
were involved in the preparation of this manuscript for publication. 
Abstract 
Air intake filtration is being implemented on commercial swine breeding-gestation-
farrowing farms to reduce the frequency of aerosol transmitted diseases. For swine producers 
Porcine Reproductive and Respiratory Syndrome virus (PRRSV), influenza, and 
Mycoplasma hyopneumonia are considered the most economically challenging diseases that 
can be transmitted via aerosols. Reduced frequency of disease outbreaks have been attributed 
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to retrofitting existing systems with filtration systems. Economic analysis of operating costs 
includes energy use, maintenance, and replacement of filters. The largest operational cost is 
the replacement cost and is dependent on filter lifespan. Limited data is available on filter 
lifespan and the rate of airflow reduction during high dust loading periods as is typically 
encountered for filtered swine building ventilation systems. The objectives of this study were 
to (1) to determine an average primary filter airflow reduction per day and (2) to determine 
what factors related to site layout, filter characteristics, and weather impact airflow reduction 
rates of such filters. Filter brand and the installed orientation of the filter were found to be 
significant factors (p= 0.0314, p= 0.0419, respectively) impacting the airflow reduction rate. 
All site layout factors observed were significant (driveway side, dormer orientation, and 
dormer configuration (p= 0.001, p=0.0001, p= 0.0001, respectively). The information 
obtained in this study will aid producers during the planning phase of retrofitting buildings 
for filtration, emphasize required detail when purchasing and installing filters, and provide 
the pertinent factors in predicting filter lifespan. This study showed that air intake 
surroundings, proximity to a driveway, air intake orientation, filter brand, and filter 
installation are all significant factors that impact filter airflow reduction. 
Introduction 
Porcine reproductive and respiratory syndrome virus (PRRSV) is an economically 
detrimental disease for US swine producers first observed during the late 1980’s. In 2012 it 
was estimated to cost the US industry USD 664 million (Holtkamp et al., 2013; Neumann, 
Ramirez, & Schwartz, 2009). Long distance aerosol transmission of PRRSV has been 
observed as has the efficacy of air filtration to prevent the transmission of PRRSV via 
aerosols (Dee, Otake, & Deen, 2010; Dee, Otake, Oliveira, & Deen, 2009). The utilization of 
air filtration on commercial livestock facilities was first proven effective on poultry barns to 
54 
prevent the spread of Mareck’s disease nearly 40 years ago (Burmester & Witter, 1972; 
Grunder, Gavora, Spencer, & Turnbull, 1975). The implementation of air filtration on 
commercial swine breeding-gestation-farrowing sites has only recently become common in 
the US (Spronk, Otake, Dee, & others, 2010). The main driving factor that led to the recent 
implementation of filtration is the economic impact of reducing PRRSV outbreaks from 
aerosol transmission. The implementation of air filtration on existing sites presents a large 
capital investment to the producer, with a potential payback period of 5 to 7 years (Alonso, 
Davies, Polson, Dee, & Lazarus, 2013).  
The most recent economic analysis covers the capital investment for air filtration 
systems, analyzing only the initial investment of installing such systems (Alonso et al., 
2013). Air filters also present an operational cost to producers that include added energy use, 
maintenance, and cost of replacing filters. The addition of air filters in a ventilation system 
can add energy costs due to the higher operating pressure of the ventilation system which 
increases further as the filters load with dust (Zaatari, Novoselac, & Siegel, 2014). The 
maintenance and replacement cost of filters is highly dependent on the frequency of filter 
replacement and is affected by the environment and dust loads to which the filters are 
exposed (Arnold, Matela, & Veeck, 2005). To enhance the current economic analysis of air 
filtration in swine production systems, the operational costs of filtration systems need to be 
included. The largest undocumented factor for determining the operational costs of air 
filtration is filter lifespan, yet there is no published information focusing on the lifespan of air 
filters on swine sites. For commercial roof-top heating, ventilation, and air conditioning 
(HVAC) units in urban settings, data has been gathered on the dust concentrations allowing 
for the prediction of filter lifespan (Fisk, Faulkner, Palonen, & Seppanen, 2002). While this 
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is an appropriate method for HVAC roof top units, swine buildings have air intakes that are 
ground level where dust concentration and size distributions are drastically different. 
To address this lack of knowledge, this study measured the airflow reduction rate of 
primary filters on commercial swine breeding-gestation-farrowing sites in central Iowa 
during the summer months of operation. The objectives of this study were: (1) to determine 
an average primary filter airflow reduction rate per day and (2) to quantify the impact of site 
layout, filter brand, and weather on the airflow reduction rate of such filters. 
Materials and Methods 
Site Description 
Data was collected from eight commercial breeding-gestation-farrowing sites located 
in central Iowa. Each site contained six buildings, all orientated east to west, consisting of 
two farrowing buildings and four breeding/gestation buildings. There was variation among 
the sites as to which buildings were on the north, farrowing or breeding-gestation, and 
whether the driveway was on the east or west side (fig. 3.1). All sites in the study utilized a 
positive pressure filtered ventilation system. Each building utilized two dormers extended off 
the side of the barn to draw fresh air through an adjustable inlet curtain to an evaporative 
cooler, through a filter bank and then to a bank of variable speed fans. The variable speed 
fans pressurized the attic of the building which then distributed air into the human and animal 
occupied zones through ceiling inlets. Air was exhausted from the building on the opposite 
side of the building from the dormer through shutters with an adjustable baffle to control the 
exhaust area opening. Each building had two dormers, one on the east and one on the west 
half of the building. The filter bank was a vertical filter wall with 6 rows of filters resulting in 
a floor to ceiling height that averaged 4.57 m (15 ft). The number of columns in each dormer 
varied depending on the barns capacity resulting in dormer lengths that ranged from 18.3 m 
56 
to 23.2 m (60 ft to 76 ft) with a range of 144 to 216 filters. Each filter bank utilized MERV 
15 v-pocket secondary filters with either a synthetic media with electrostatic charge or 
fiberglass media, 0.61 m by 0.61 m by 0.30 m (24 in. by 24in. by 12 in.) with a high capacity 
MERV 8 primary filter with a fiberglass media, 0.61 m by 0.61 m by 0.05 m (24 in. by 24 in. 
by 2in.) (fig. 3.2). 
Breeding 1
Breeding 2
Gestation 1
Gestation 2
Farrowing 1
Farrowing 2
Site Office
F2W Dormer F2E Dormer
F1W Dormer F1E Dormer
G2W Dormer G2E Dormer
B2W Dormer B2E Dormer
G1W Dormer G1E Dormer
B1W Dormer B1E Dormer
D
rivew
ay
 
Figure 3.1 Typical layout of site included in the study. Each site had a slight variation of this 
layout. 
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Figure 3.2 Overview of building air intakes. Air moves right to left, with the evaporative cool 
cell on the right (a), the primary (b) and secondary (c) filters in the center, and the low pressure, 
high volume axial fans (d) on the left. 
Filter Testing and Sampling 
In this study, airflow capacity and the weight of primary filters were measured (i.e., 
secondary MERV 15 filters were not studied). Airflow was measured using the Mobile Air 
Filter Testing (MAFT) laboratory, with airflow measurements taken at 37 Pa pressure drop 
across the primary filter in series with a new v-pocket MERV 15 secondary filter. For a 
detailed description of MAFT’s capabilities and measurement uncertainty please refer to 
(Smith, Ramirez, Hoff, Harmon, & Stinn, n.d.). At the start of testing, a reference standard 
pair of MERV 8 primary and MERV 15 secondary filters was tested to insure MAFT 
measurements were accurate. When testing primary filters from the site, a clean MERV 15 
secondary filter was used in series. A different secondary filter was used in series dependent 
on the biosecurity status of the site. 
The sample size was determined based on prior field studies where all the primary 
filters from one dormer were tested. The sample size was determined using a single sided t-
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test with a statistical power of 95%. A semivariogram of the entire dormer’s filter tests 
determined the minimum distance between filters for independent samples. Within a dormer, 
filters where quasi-random sampled to meet the minimum sample size for the specific dormer 
and the minimum distance between filters. 
The initial filter tests were completed in May and June 2017, and the end filter tests 
were completed in September and October 2017. During both filter tests the same primary 
filters were sampled and re-installed in the same location within a dormer. Weights of the 
filters were measured prior to airflow measurements with a bench check weight scale (Model 
GBK 35a, Adam Equipment Company, Oxford, CT) with a readability of 0.5 g. Site layout 
and filter factors were recorded for each site and for each individual filter tested. 
Weather Data 
Weather data was obtained from Automated Weather Observing System (AWOS) 
stations near the sites in the study at Clarion Municipal Airport (CAV), Webster City 
Municipal Airport (EBS), and Iowa Falls Municipal Airport (IFA). For each site, proximity 
to the closest stations were considered and the weather values were averaged together 
depending on the site (table 1). Average daily wind speed (km h-1), average daily wind 
direction (degrees), and total liquid precipitation (cm) values were gathered for each site’s 
specific study time frame. 
Table 3.1 Sites and corresponding weather stations. 
Site Station(s) Distance, km 
1 CAV, EBS, IFA 21, 30, 30 
2 CAV, EBS, IFA 25, 20, 33 
3 CAV, EBS, IFA 11, 35, 40 
4 CAV 8 
5 CAV 14 
6 CAV 15 
7 EBS 18 
8 EBS 10 
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Statistical Analysis 
Results from all the initial and end filter tests were compiled along with the site 
factors, filter factors, and weather data.  Filter tests were rejected if excessive water damage 
compromised the integrity of the primary filter construction. The airflow reduction and 
weight gain were calculated for each filter and then normalized to a daily airflow reduction 
and a daily weight gain for the study time frame. A Mixed statistical model (JMP PRO 13) 
was developed to make a selection of factors that significantly impacted airflow reduction 
and weight gain using a backwards elimination process. Within the Mixed model the 
individual farm and dormer were utilized as random effects, with weather data, filter age at 
first test, filter factors, and site factors utilized as fixed effects. 
Results and Discussion 
Data was initially collected on 848 filters, with 841 filters used in the final data 
analysis. The seven filters not used were either damaged from water exposure, or the data 
was not properly saved due to software issues. The interval of filter tests ranged from 113 to 
140 days. Table 3.2 shows the five filter and site factors that were collected from the study. 
Moisture content of the filter media and the cardboard frame were observed to be factors 
impacting both the weight of the filters and the airflow. It was observed that wet filters had a 
lower airflow than dry. The extent of this effect was not determined due to an inability to 
accurately measure the moisture content of the filter media and cardboard frame. 
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Table 3.2 Filter and site factors recorded in the study. 
Filter Factors Site Layout Factors 
Brand 
Filter 
Orientation Dormer Configuration 
Dormer 
Orientation 
Driveway side 
Supplier 
A 
F- Correct install r- faces road n- faces North d- on driveway 
side 
Supplier 
B 
B- Backwards 
install 
fr-  faces small field and  railroad s- faces South nd- not on 
driveway side 
Supplier 
C 
 f- faces field   
  e- faces direct exhaust outlet of 
adjacent barn 
  
  d- faces dormer of adjacent barn   
  eo- faces exhaust outlet of adjacent 
barn and office 
  
  do- faces dormer of adjacent barn 
and office 
  
 
Weight Gain Model 
The weight gain of the filters was highly variable due to moisture content, dust 
content in the cardboard frame, and insects caught in the media and on the cardboard frame. 
The resulting Mixed model showed a poor fitting model. Furthermore, a poor relationship 
between weight of a filter and airflow was found, R2 = 0.056 for the initial tests and R2 = 
0.029 for the final tests. 
The wide variation in the weight gain observed among all filters was unique as 
compared to more traditional applications for filter usage. For conventional filtration systems 
in heating, ventilation, and air conditioning systems (HVAC) the weight gain is a highly 
accurate measure for predicting filter lifespan. One method for estimating filter lifespan 
utilizes the filter’s dust holding capacity (Fisk et al., 2002). The rural environment in which 
filters are used on swine buildings presents a large number of confounding factors that will 
affect the weight of a filter. Another key difference that may influence this is the operating 
pressure of the filters by influencing the mechanisms by which the filter captures dust. 
HVAC systems are typically designed for 100 Pa and swine buildings are designed for 37 Pa. 
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The poor correlation between the filter weight and airflow show that in this specific 
application of filters, the weight is not a reliable indicator of remaining filter lifespan. Further 
research into accurately measuring moisture content and how to account for insects and 
excess dust in the cardboard frame will be needed to utilize filter weight as an indicator of 
remaining filter lifespan. 
Airflow Reduction Model 
The final Mixed model, equation 3.1, for the airflow reduction showed that all filter 
and site layout factors were significant, α=0.05. The weather data consisting of total liquid 
precipitation, wind speed, and wind direction were not significant, but all P-values were less 
than 0.10 (table 3.3). Figure 3.3 shows the predicted values versus the measured values. The 
residual values appear to be normally distributed around zero (fig. 3.4). In future studies, if 
more sites in different geographic regions are included, the weather impact could become 
significant. 
Fijklmnopqr =  μ + Si + Bj + FBk + FOl + DCm + DOn + DSo + LPp + WSq + WDr +  ϵ (3.1) 
Where,  
 Fijklmno = observed airflow reduction rate  
 µ = grand mean airflow reduction rate  
 Si = site random effect  
 Bj = builidng and dormer random effect  
 FBk = filter brand fixed effect  
 FOl = filter orientation fixed effect  
 DCm = dormer configuration fixed effect  
 DOn = dormer orientation fixed effect  
 DSo = driveway side fixed effect  
 LPp = liquid precipitation fixed effect 
 WSq = average wind speed fixed effect 
 WDr = average wind direction fixed effect 
 ϵ = random error  
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Table 3.3 Summary of all factors in the airflow reduction Mixed model, α =0.05. 
Source F Ratio Prob > F 
Filter Brand 3.48 0.0314 
Filter Orientation 4.15 0.0419 
Dormer Configuration 47.31 <.0001 
Dormer Orientation 35.28 <.0001 
Driveway Side 10.93 0.0010 
Liquid precip (cm) 5.39 0.0803 
Av. Wind Speed (kmh) 6.39 0.0649 
Average wind direction 
(deg) 
5.38 0.0785 
 
Figure 3.3 Predicted airflow versus the measured airflow values using the Mixed airflow 
model. 
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Figure 3.4 Predicted airflow value versus residual value for the Mixed model. 
Airflow reduction rate varied widely among the buildings and dormers across all 
eight sites (fig. 3.5). The building and dormer average variation is attributed to the variation 
in site layouts for driveway side and dormer configuration (facing exhaust outlets, fields, 
roads). The next sections will discuss each observed variable’s impact in-depth. 
Figure 3.5 Barn and dormer average airflow reduction. Error bars represent one standard 
deviation. Bars not connected by the same letter are significantly different, α = 0.05. Refer to 
figure 1 for the building and dormer location, B1W is breeding building 1 west dormer. 
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Filter Brand and Filter Orientation 
Among the three filter brands observed in the study, a significant difference was 
observed between Supplier A and Supplier B, P-value = 0.0086. No statistical difference was 
observed between Supplier C and Suppliers A or B. The installed orientation of the filter also 
showed a significant difference with the backwards installation having a higher airflow 
reduction rate, P-value = 0.0419. The significance of the filter brand and the installed 
orientation on the airflow reduction rate support the need for attention to detail in both the 
purchasing and installation of filters. While all three brands were marketed as MERV 8 high 
capacity primary filters, the different airflow reduction rates suggest subtle differences in the 
quality of the media.   
Dormer Configuration 
Among the seven different dormer configurations in the study, filters facing exhaust 
outlets on other buildings averaged the highest airflow reduction rate compared to all other 
configurations, and, there was a significant difference between the airflow reduction of filters 
facing the exhaust outlets and those facing a field and rail-road, P-value = 0.0105, α = 0.05, 
(fig. 3.6). 
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Figure 3.6 Airflow reduction rate by dormer configuration, error bars represent one standard 
error. Bars not connected by the same letter are significantly different, α = 0.05. Refer to 
table 2 for the explanation of dormer configuration. 
The dormer configurations show that when a dormer intake faces the exhaust outlet of 
an adjacent barn, the highest airflow reduction rates occur. The sites in the study did have 
solid wind breaks on the exhaust outlets of the buildings that act like chimneys. These wind 
breaks were installed 1.2 m (4 ft) off the buildings, with 0.5 m extending past each end of an 
exhaust outlet, and extended just above the eave height of the building. Despite these 
measures, mold growth was observed on the upstream face of the filter media in such 
dormers. It is believed that such mold growth is directly related to the exhaust air. The 
dormers facing a small field and railroad, while significantly different from the dormer facing 
the direct exhaust outlet of an adjacent barn, only occurred on one building at one site in the 
study. 
Dormer Orientation 
The direction the dormer orientation, either the intake faced North or South, showed 
that the dormers facing North had a significantly higher airflow reduction rate, P-value = 
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0.001, α = 0.05. The fact that the north facing dormers had a higher airflow reduction, despite 
the average wind direction over the study timeframe was out of the south, was a curious 
finding. One possible explanation is the effect of a south wind causing a vacuum and 
subsequent swirling and entraining of inward dust on the north side of the building. 
Depending on the site layout the installed windbreaks may have also influenced this finding. 
Driveway Side 
Filters in a dormer near the driveway had a significantly higher airflow reduction rate 
than did those away from the drive, P-value = 0.001. It is not surprising that filters nearer the 
driveway are also significant, as roads are likely one of the largest sources of dust retained 
within the primary filter’s media. 
Practical Implications 
This study identified the key factors that impact a filter's airflow reduction rate on a 
swine building on a per day basis. Applying this data for a practical application for the study 
time frame yields a total airflow reduction, table 3.4. This also allows for the estimation of 
airflow reduction per animal. For example, an 800 head gestation barn, in this study had 312 
filters installed. For the buildings in this study the estimated max ventilation rate was 9,167 L 
min-1 per sow with an observed airflow reduction of 7.8 to 15.3%. For the purpose of 
estimating end-of-life, a maximum allowable airflow reduction per filter must be determined 
or assumed. This value would depend on the buildings specific design and the producer's 
desire to avoid heat stress in the building. For this study a maximum airflow reduction of 
4,248 L min-1 from new was used to determine an estimated useful life of the primary filters. 
Note this estimate would be for new secondary filters and would need to be adjusted to 
account for the secondary filters loaded simultaneously for future change outs. Table 3.5 
shows the mean airflow reduction rate with the highest and lowest configuration estimates 
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and the respective useful life estimates. The key assumption in this estimate is that the dust 
loading potential is constant regardless of time of year. Without annual data on airflow 
reduction the estimate will be difficult to accurately predict. 
Table 3.4 Total airflow reduction for all factors observed in the study and the predicted 
airflow reduction per sow for an 800 head barn with 312 filters. 
Factor 
Total Airflow 
Reduction per 
filter (L min-1) 
Airflow Reduction per 
animal (L min-1 sow-1) 
(800 head, 312 filters) 
Supplier A 2,219 865.9 
Supplier B 2,595 1,011.7 
Supplier C 2,276 886.9 
Correct filter orientation 2,041 795.8 
Incorrect filter orientation 2,686 1,047.5 
Road configuration 2,276 887.6 
Field and railroad 
configuration 
1,824 711.4 
Field configuration 2,139 834.2 
Exhaust configuration 3,590 1,400.0 
Dormer configuration 2,356 918.8 
Exhaust and office 
configuration 
2,202 585.8 
Dormer and office 
configuration 
2,156 840.8 
North dormer orientation 2,579 1005.8 
South dormer orientation 2,147 888.3 
Driveway side 2,449 955.0 
Non driveway side 2,278 888.3 
Table 3.5 Primary filter end-of-life estimates based on the study findings using an airflow 
reduction of 4,248 L min-1 as the end of life cutoff. 
Setup 
Airflow Reduction Rate      
(L min-1 day-1) ± 95% CI 
End-of-Life 
Estimate (days) 
Study average 16.67 ± 0.57 255 
Exhaust configuration 28.43 ± 4.66 149 
Field and railroad configuration 14.39 ± 5.41 295 
Conclusions 
Field measurement of the weight gain and airflow reduction of primary filters in 
swine building ventilation systems was completed for one specific type of ventilation system 
on a sample population of near identical sites. MAFT was utilized for testing airflow in a 
field application. Wide variation in filter weight gain was seen with moisture content of the 
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media and cardboard frame as well as dust and insects on the cardboard frame are strong 
factors that impacted the filter weight gain. All filter and site layout factors recorded in the 
study were found to have a significant impact on the airflow reduction rate. The weather 
data, (total liquid precipitation, wind speed, and wind direction) were not shown to be 
significant factors in this study, P-values = 0.0803, 0.0649, 0.0785 respectively. This study 
identified that filter brand and orientation, when installed, are areas that must be considered, 
P-values = 0.0314 and 0.0419 respectively. The site layout factors are specific to the sites in 
the study, but it does highlight the consideration of location of air intake on a building 
relative to dust sources in order to minimize the airflow reduction rate per day over the 
summer months. The factors recorded include dormer configuration (P-value <0.0001), 
dormer orientation (P-value <0.0001), and driveway side (P-value = 0.001). Further research 
examining the airflow reduction rate throughout an entire year is needed to evaluate filter 
lifespan for both primary and secondary filters. Research involving the different ventilation 
systems with filtration should be studied as the systems vary widely in design and operation. 
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CHAPTER 4.    EVALUATION OF FILTER DUST LOADING MITIGATION 
STRATEGIES ON COMMERCIAL SWINE SITES 
B. C. Smith, S. J. Hoff, J. D. Harmon, D. S. Andersen, J. J. Zimmerman J. P. Stinn 
This manuscript will be submitted to Applied Engineering in Agriculture. 
 
This manuscript covers a study on a commercial swine farm located in close 
proximity to a grain handling facility. The goals of the study were to (1) quantify the row 
crop harvest dust loading effect, and (2) compare two commercially available materials as a 
pre-primary filter option. In this study a multi-building site was utilized to evaluate a vinyl 
screen and fiberglass media pad. This study showed a higher airflow reduction rate compared 
to a previous field study, and that both materials utilized in the study were effective by 
reducing the airflow rate during the study. 
In this study Drs. Hoff, Harmon, Andersen, and Zimmerman were involved in the 
planning of the study and data analysis. I completed the field work for the study and the filter 
testing on site. Dr. Stinn was the company contact for the site were the study was completed. 
All authors were involved in the preparation of this manuscript for publication. 
Abstract 
Filtration implementation on both new and remodeled swine buildings is quickly 
gaining popularity for commercial producers in swine dense regions.  The efficacy of 
filtration has been well noted in field studies, suggesting the initial investment can be 
justified. However, the operating cost of a filtration system is often overlooked. The rural 
locations of swine sites present a challenge for seasonal dust loading, and the potential for 
lower filter lifespan. To exacerbate further, dust generated from row crop operations and 
grain handling can add to the filter dust loading. The effect of a rural location near row crop 
72 
fields and grain handling facilities is unknown. The objective of this study was to quantify 
two unique mitigation strategies on primary filter loading with dust challenges typical of 
rural settings. A vinyl screen and a fiberglass media were evaluated as a pre-primary filter 
mitigation option. This studied showed that both materials reduced the airflow reduction rate 
compared to the control group. The weight gains of the primary filters observed was highly 
variable. The effect of moisture content was attributed to a portion of the variability in the 
weight gain. Compared to previous field studies the airflow reduction rate of the control 
group was significantly higher, showing a higher dust load challenge. Overall, both 
mitigation strategies were successful in reducing the airflow reduction rate, but no difference 
between the two strategies was found. 
Introduction 
Air filtration in swine and poultry buildings has been widely shown to reduce the 
frequency of airborne disease entry into herds/flocks (Burmester & Witter, 1972; Dee, 
Batista, Deen, & Pijoan, 2005). The implementation of filtration on commercial swine 
buildings has been recently noted as a financially sound capital investment in swine dense 
regions of the Midwest US (Alonso, Davies, Polson, Dee, & Lazarus, 2013). This has been 
noted due to the observed reduction of porcine reproductive and respiratory syndrome virus 
(PRRSV) outbreaks on filtered farms compared to non-filtered farms in swine dense areas. In 
such regions on farms with excellent biosecurity protocols, it is suggested that up to 80% of 
new PRRSV introductions are airborne (Alonso, Murtaugh, Dee, & Davies, 2013).  
The often overlooked cost of a filtration system in a swine building is the operational 
cost. Operational costs of a filtration system include: replacement filter cost, labor cost for 
installation, maintenance costs, and energy cost over the filter’s lifespan (Fisk, Faulkner, 
Palonen, & Seppanen, 2002). The driving factor behind the operational cost of a filter is the 
73 
lifespan. Dust concentration, particle size distribution, airflow rate, and dust holding capacity 
are utilized to predict a filter’s lifespan. Swine farms do not match the typical assumptions 
used in predicting a filter’s lifespan in a typical industrial-setting HVAC system. Rural 
unpaved roads and row crop fields can produce dust with a different particle size distribution 
compared to typical test dusts. For swine producers, addressing filter dust loading is key to 
prolonging filter lifespan and minimizing operational costs. Dust generated during row crop 
planting, harvesting, and tillage present a significant challenge for filters on swine buildings. 
To address these concerns, mitigation technologies are needed to reduce the impact of these 
peak dust generation periods, specifically on sites within close proximity to fields and grain 
handling facilities. 
The objectives of this study were to (1) quantify the airflow reduction during row 
crop harvest periods, and (2) evaluate two commercially available mitigation options for their 
effect on primary filter airflow reduction and weight gain. 
Materials and Methods 
Site Description 
In this study a commercial gilt development site was selected based on its proximity 
to row crop fields and a sizeable grain handling and storage facility (fig. 4.1). The driveway 
was treated for dust control. Of the three buildings on site, buildings one and two were 
utilized in the study and measured 37 m wide by 84 m long. Buildings one and two had air 
intakes on the east and west gable ends of the building. The distance between the east air 
intake of building one and the grain bin to the east was 29 m. Each air intake pulled air 
through an evaporative cooler, through a filter wall to a bank of low pressure, high volume 
axial fans, 2.9 m off the ground. The fans pressurize the attic space, air entered the building 
through ceiling inlets, and exhausted through shutters on the exterior wall with an adjustable 
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airflow control baffle. The east end air intakes contained a straight filter wall, a floor to 
ceiling height of 3.7 m at the peak, with 360 total filters. The west air intakes contained a 
saw-tooth filter wall configuration with a floor to ceiling height of 3.7 m at the peak, with 
444 total filters. The filter walls contained a combination of primary and v-pocket secondary 
filters, 0.61 m by 0.61 m by 0.05/0.30 m (24 in. by 24in. by 2/12 in.), rated as MERV 8 and 
MERV 15, respectively (fig. 4.2). All filters installed were from the same manufacturer. 
The location of the treatment material was randomly selected such that a treatment 
and a control was located on each building on alternating east/west ends for the two 
buildings. Each treatment was installed on the air exiting side of the evaporative cooler. Each 
material was stapled to the wall above and below the evaporative cooler and all seams were 
fastened using wire ties. Barn two east air intake contained a 25.4 mm (1 in.) thick fiberglass 
media that was treated with an antimicrobial agent. Barn one west air intake contained a 3D 
vinyl screen. The materials were inspected weekly to check for tears and plugged areas. If 
needed, the materials were cleaned and repaired. 
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Barn 1
Barn 2
Barn 3
Grain 
Handling 
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Control 
Air Intake
Control 
Air Intake
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Fiberglass 
Media Air 
Intake
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30.5 m
 
Figure 4.1 Commercial gilt development site layout with three buildings. Buildings one and 
two were utilized in the study. The treatments on the air intake is listed. Note drawing is not 
to scale. 
abcd
 
Figure 4.2. Overview of building air intakes. Air moves right to left, with the evaporative 
cool cell on the right, the primary and secondary filters in the center, and the low pressure, 
high volume axial fans on the left. 
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Filter Sampling and Testing 
The sample size, as a percentage of the total number of filters, was determined based 
on previous research on filter loading on commercial swine buildings (Smith, Hoff, Harmon, 
Andersen, & Stinn, n.d.). Each filter wall was randomly sampled in a quasi-sampling 
method. Due to the lack of known spatial airflow reduction patterns for the filter wall 
configurations in this study, the minimum spacing between filters was set to one filter 
separation between sampled filters in the sampling plan.  
Primary filters were weighed and tested for airflow with a common secondary filter. 
Weights of the filters were measured prior to airflow measurements with a bench check 
weight scale (Model GBK 35a, Adam Equipment Company, Oxford, CT) with a readability 
of 0.5 g. Secondary filters were not evaluated as the filter time on the site was less than 1 
year at the start of the study and previous work indicated no airflow difference from new. 
Airflow measurements were completed on site utilizing the Mobile Air Filter Testing 
(MAFT) laboratory (Smith, Ramirez, Hoff, Harmon, & Stinn, n.d.). Primary filters were 
tested (September 14, 2017) two days after both mitigation strategies were installed. 
Following testing in MAFT the primary filters were re-installed. The final airflow 
measurements and weights were taken on November 7, 2017 (54 days of testing). 
Statistical Analysis 
The reduction in airflow rates were calculated for each of the 100 primary filters 
sampled in the study. The reduction in airflow rates were evaluated for outliers by air intake 
using Chauvenet’s Criterion. A Mixed model was used to statistically analyze the results of 
the study. The barn was used as a random effect and the treatment was utilized as the fixed 
effect in the model. The control air intake filter’s airflow reduction was compared to the 
results of a previous study to quantify the dust loading challenge over the study period. 
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Results and Discussion 
In this study the primary filters were on test for 54 days during the fall row crop 
harvest season. It was observed that both materials used in the study reduced the evaporative 
cooler overspray on the filter wall during its operation. This overspray could have an effect 
on the airflow of the filters, but the effect of this reduction was difficult to quantify. Over the 
course of the study period neither treatment material experienced blockage that warranted 
cleaning or replacement. Spot repairs were performed on the fiberglass media to maintain 
coverage of the air intake. The two control air intake filters (n=50 for both barns, n= 26 north 
barn, and n= 24 south barn) compared to the results from a previous field study which 
showed that the row crop harvest timeframe had a significantly higher loading effect, (fig. 
4.3). There are a few limitations in this comparison that must be highlighted. In the field 
study, eight commercial breeding-gestation-farrowing sites were studied over a 16-to-20-
week period during the summer of 2017 (Smith, Hoff, et al., n.d.). The site layouts are 
different than the one in this study, but the type of filtration system, field, and road proximity 
are similar. 
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Figure 4.3 Comparison of the control group average to summer 2017 field study data. The 
error bars represent one standard deviation. Bars not connected by the same letter are 
significantly different, α = 0.05. 
Among the treatments in the study an interesting pattern was observed. Both 
treatments had a significant impact on reducing the airflow reduction rate compared to the 
control groups, α = 0.05, p< 0.0001 (fig. 3.). The comparison of the treatments was not 
significant (p = 0.095). The weight gains of the filters showed a similar pattern, (fig. 4). The 
two treatments were successful at reducing the airflow reduction rate, but the screen was not 
successful at reducing the weight gain compared to the control group. In this study there were 
effects from site layout and site operation that were difficult to quantify. During the study 
timeframe there were evaporative cool cell malfunctions that led to excessive water leaks at 
the air intakes. It is also difficult to quantify the effect of having the evaporative cool cell 
pads turned off during the study time. The negative weight gain in the fiberglass media 
treatment filters is likely attributed to this occurrence. The weight of water in the filter at the 
start of testing likely outweighed the dust gained during the study time frame. 
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Figure 4.4 Airflow reduction rate per day of the treatments and control groups within the 
study. The error bars represent one standard deviation. Bars not connected by the same letter 
are significantly different, α = 0.05. 
Figure 4.5 Weight gain of the primary filters of the treatment and control groups within the 
study. The error bars represent one standard deviation. Bars not connected by the same letter 
are significantly different, α = 0.05. 
Utilizing an airflow reduction cutoff of 4,248 L min-1 from a new, the end-of-life 
estimate for the primary filters under the conditions observed in this study are shown in table 
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4.1. The end-of-life estimates is drastically different between the fiberglass media and the 3D 
vinyl screen, though an economic value was not determined from this. 
Table 4.1 Average airflow reduction rate for each experimental group with the end-of-life 
estimate with an airflow reduction cutoff of 4,248 L min-1 from new. 
Experimental 
Group 
Average Airflow Reduction 
Rate (L min-1) ± SD 
End-of-Life 
Estimate (days) 
Control 43.16 ± 18.78 98 
Fiberglass media 6.51 ± 12.40 653 
3D vinyl Screen 14.10 ± 11.17 301 
 
Conclusions 
A significantly higher airflow reduction rate during row crop harvest season 
compared to a summer month field study was observed. Specifically, the higher airflow 
reduction rate in this study is likely attributed to the grain handling facility used during the 
harvest season. No significant difference was found between the two treatment materials, 
vinyl screen and fiberglass media, for either airflow reduction rate and weight gain. The 
moisture content of the filters at the time of testing is a contributing factor to the weight gain 
observed in this study. Further evaluation of the treatment materials is warranted to better 
quantify the effects of each treatment on high dust loading sites. An economic analysis 
should also be completed to quantify the cost reduction potential for each material. This 
analysis will likely be the driving force in a producer’s choice on sites with high dust loading 
potential. 
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CHAPTER 5.    GENERAL CONCLUSIONS 
Chapter 5 highlights the implications of the three research manuscripts presented in 
this thesis. Specifically, the implications of this research with swine producers currently 
using filtered buildings. The future research needs in this area will also be highlighted. 
Implications of MAFT Development and Validation 
Filter testing in the swine industry is a key component of maintaining an effective 
filtration system. Filter efficiency is one key component of a routine testing plan. Another 
key component is filter resistance, which is a useful test for determining filter end-of-life. 
Conventional testing practices of sampling and replacing a filter, shipping to a certified lab, 
and waiting for the test results; quickly becomes an economic burden. 
The research presented in chapter 2 is a key first step in developing a filter evaluation 
standard tailored to the low filter pressure drop used in the swine industry. The MAFT 
laboratory was specifically designed to test primary and secondary filters at a pressure drop 
of 37 Pa. At this lower pressure drop and airflow, MAFT had a low relative expanded 
uncertainty of 1.5% to 5% for the airflow predictions. Through validation, MAFT was shown 
to have comparable airflow predictions (± 4.0%) to an ASHRAE 52.2 laboratory.  
The implementation of MAFT in industry offers producers numerous advantages over 
conventional testing methods. Taking the laboratory to a site reduces the shipping costs and 
lag time from sampling to results of airflow and filter resistance. For swine producers, the 
ability to accurately and efficiently measure filter airflow at 37 Pa filter resistance can be a 
key factor impacting the economic burden of replacing filters. The use of a truly 
representative sample for a filter wall allows producers to selectively replace only the filters 
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that warrant replacement when needed. This can be critical for a sites operation and animal 
welfare as heat stress could develop in buildings as filter load during the summer months. 
Implications of Quantification of Airflow Reduction Factors 
The rate at which primary filters load with dust on commercial swine sites is 
relatively unknown. This would be critical if the environment and setup conditions were 
similar to that of conventional heating, ventilation and air conditioning (HVAC) units, but 
the setup and environment are drastically different. As the results of this study suggest, 
weight gain of the filter, i.e. dust loading, is extremely variable and has a low correlation to 
the airflow of the filter. The high humidity environment on the downstream side of an 
evaporative cool cell adds moisture to the primary filter media and frame. The impact of the 
excess moisture on the media for particle capture is unknown. The insect and excess dust 
load add to the variability in filter weight gain. 
The airflow reduction rate observed in this study was restricted to the summer months 
following spring field work and ending the beginning of fall field work. The short time frame 
is a limitation of this study to apply the results directly to filter lifespan predictions. The 
study has, however, excellent value in identifying key the factors impacting filter airflow 
reduction rates. While the weather factors recorded in this study were not found to be 
statistically significant, the limited variation in weather between the sites is a limitation. 
More variation in the location might have changed the significance of the weather factors. 
The factors noted with the largest impact were: dormers facing the direct exhaust of an 
adjacent barn, dormers facing north, dormers on the driveway side, filters installed 
backwards, and the brand of filter. The three site layout factors highlight the configurations 
to avoid for future filtration systems. The filter factors highlight the need to practice careful 
placement and inspection of the installed filters. Overall this study identified the most 
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detrimental factors impacting the airflow reduction rate of primary filters. It can be assumed 
that these factors are also impacting the secondary filters as well, but the airflow reduction 
rates for secondary filters are below detectable levels using MAFT, given the limited amount 
of loading time used for this study. 
Implications of Evaluation of Dust Loading Mitigation Strategies 
Strategies for mitigating dust loading that leads to high airflow reduction rates on 
commercial swine sites has the potential to be economically viable in cases were the airflow 
reduction rates are significantly higher than what is considered a normal average. The normal 
average for sites in central Iowa is relatively unknown at this point, but there are obvious 
sites that are candidates for such strategies. Sites in immediate proximity to agriculture 
operations that generate seasonal, high dust particle counts, would be expected to have a 
detrimental impact. These sites offer the best chance of an economic gain by implementing a 
mitigation strategy to reduce dust loading of primary filters.  
This study supported the hypothesis that sites with the potential for seasonal, high 
dust particle counts, have a higher airflow reduction rate during the harvest season compared 
to summer operation, supporting the need for mitigation. The mitigation strategies tested in 
this study were installed strategically, on the downstream side of the evaporative cool cell 
pad, to serve as a pre-primary filter. Both the 3D-vinyl screen and fiberglass media were 
successful at reducing the airflow reduction rate of the primary filters. No statistical 
difference was noted between the two options for airflow reduction, but the weight gain of 
filters was different. Within the scope of this study, both strategies were implemented in the 
same fashion. In the event that the 3D-vinyl screen be installed on the air intake side of an 
evaporative cool cell, the water over-spray protection it offered in this study, would likely be 
reduced. The fiberglass media was the most difficult to install due to the fiberglass and the 
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antimicrobial treatment and it required repairs to maintain its integrity throughout the study. 
The benefit of the fiberglass media was the lower airflow reduction rate and the lowest 
weight gain, and it was noted that this media offered the best protection from evaporative 
cool cell overspray. While both materials tested in this study were successful and statistically 
insignificant from each other, the installation and maintenance of each material could play a 
factor in the economic analysis of each option. Such analysis is required to further identify 
which material would be optimal for use on such sites. 
Future Work 
There are many opportunities for future research based on the research presented in 
this thesis. The following list is a subset of potential future research topics. 
 Further refinement of the MAFT laboratory to reduce uncertainty and improve 
ergonomics of the laboratory. 
 Further field observations of filter airflow reduction over the course of an 
entire year with multiple data collection points. 
 Observational studies of dust loading mitigation technologies on other high 
loading sites, near beef cattle open lots, and on conventional production sites. 
 Monitoring of filter resistance and fan power usage in situ to determine the 
operational characteristics of a filter ventilation system on swine buildings for 
both negative and positive pressure ventilation systems. 
 Development of an economic indication to determine the economic value of 
minimizing airflow reduction rates.  
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APPENDIX. MAFT SENSOR CALIBRATION CERTIFICATES, SENSOR 
MANUFACTURER DATA SHEETS AND TEST DUCT MATERIAL LIST 
Sensor Calibration Certificates 
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Sensor Manufacturer Data Sheets 
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